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ABSTRACT 
Data were collected from subsurface drains on 36, 0.4-ha plots at Iowa State 
University's Northeast Research Farm near Nashua, lA to determine crop and tillage 
management effects on water flow and nitrate-N loss through subsurface drains. From 1990 to 
1992, four tillage systems (chisel plow, moldboard plow, ridge till and no-till) were used with 
two crop rotations (continuous com [Zea mays L.] and corn-soybean {Glycine max L. 
(Herr.)] rotation) and a single-spring fertilizer application. From 1993 to 1995, tillage systems 
were reduced to chisel plow and no-till, while fertilizer management changed to include 
single-spring fertilizer, spring-summer split fertilizer and fall manure application. 
The amount of nitrate-N lost in subsurface drainage was influenced more by 
subsurface drainage volume than nitrate-N concentration in drain effluent. Tillage had minimal 
effects on drainage volume, although no-till plots showed greater preferential flow than chisel 
plow plots. Significant differences in drain flow only occurred under continuous corn between 
1990 and 1992, when the no-till system had higher drain flow than moldboard plow. 
Tillage affected nitrate-N concentrations in drain effluent during 1990 to 1992. 
Moldboard plow plots had higher concentrations than no-till plots possibly because of 
differences in bypass flow, denitrification and mineralization. Nitrate-N concentrations were 
not influenced by tillage after management systems were changed. However, plots where 
continuous corn had been grown for 15 yr had higher drain flows and nitrate-N losses in 1993 
than where com was planted into plots that had been rotated with soybean. 
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Nitrate-N concentrations and losses were always higher with continuous corn than 
with corn-soybean rotation. Com yields with split fertilizer applications were as high or higher 
than yields from single application treatments, but nitrate-N losses were essentially the same. 
Swine manure was difficult to apply at desired rates, resulting in wide variations in yield, 
nitrate-N concentrations and nitrate-N losses among years. This suggests that manure should 
be used to supply only a portion of crop nitrogen needs with additional fertilizer added based 
on late-spring soil nitrate tests. 
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GENERAL INTRODUCTION 
Subsurface drainage is important for crop production in many areas of the Midwest 
because poor drainage causes high water tables, restricts root growth and limits available time 
for tillage (Fausey et al., 1995). Subsurface drains remove excess water fi^om the soil, which 
lowers the water table, decreases surface ponding and increases percolation (Baker and 
Johnson, 1977). Water flowing through subsurface drains "short circuits" the natural flow 
paths, allowing water to rapidly flow from the soil to a stream or other outlet. 
Water percolating through soil leaches soluble chemicals like nitrate-N from the soil 
profile and into subsurface drains. As a result, nitrate-N concentrations in drain effluent 
typically exceed the maximum contaminant level of 10 mg/L set by the Environmental 
Protection agency for drinking water (Baker et al., 1975; Drury et al., 1993; Kladivko et al., 
1991). High nitrate-N concentrations in drain effluent can increase the overall nitrate-N 
concentrations in the outlet water body. This is particularly concerning if the water body is a 
drinking water source because nitrate-N concentrations exceeding 10 mg/L causes 
methemoglobinemia in infants, which can be fatal. 
Nitrate-N lost from the soil profile through subsurface drains also represents an 
economic loss to producers because it is no longer available for crop use. Since fertilizer costs 
are relatively inexpensive, excess nitrogen fertilizer use is not discouraged (Supalla et al., 
1995). Producers generally feel that nitrogen fertilizer is a risk reducing input. In other words, 
increasing fertilizer application rate reduces the risk of less than optimal yield (Babcock, 
1992). Nitrogen fertilizer applied above recommended rates, however, can result in higher 
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nitrate-N losses through subsurface drains (Angle et al., 1993; Baker and Johnson, 1981; 
Bergstrom and Brink, 1986; Gast et al., 1978; Logan et al., 1980). 
The amount of nitrate-N lost through subsurface drains depends primarily on the 
amount of water draining from the soil (Bolton et al., 1970; Devitt et al., 1976). Water flow 
through soil, however, is a complicated issue. Water flows preferentially through least 
resistant pathways. Larger pathways, or macropores, allow water to quickly flow vertically 
through the soil profile, bypassing much of the soil matrix (Bevin and Germann, 1982; 
Thomas and Phillips, 1979). These preferential flow paths are altered by weather, soil fauna, 
plant roots and tillage. For example, wet/dry and freeze/thaw cycles change cracks in soil; 
burrowing animals and decaying plant roots create macropores; and tillage produces cracks in 
surface soil but also disrupts the continuity of existing macropores. 
Preferential flow has an unclear effect on the quantity and quality of drain flow 
because water must flow vertically and laterally to reach subsurface drains. Previous studies 
have shown that preferential flow affects chemical movement to subsurface drains (Czapar et 
al, 1994; Everts and Kanwar, 1990; Richard and Steenhuis, 1988). But those studies 
primarily focused on tracers and pesticides. Higher preferential flow may increase nitrate-N 
loss by increasing drain flow. Conversely, water flowing preferentially may bypass nitrate-N in 
the soil thereby reducing nitrate-N loss through subsurface drainage. 
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Dissertation Organization 
This dissertation contains three chapters organized in paper format. An overall 
summary, following the third chapter, includes general conclusions of the study and 
recommendations for further research. 
The purpose of this study was to determine crop and tillage management effects on 
water flow and nitrate-N loss through subsurface drains. The goal was to identify management 
practices that will reduce nitrate-N loss through subsurface drainage. Data for this study were 
collected at the Nashua Water Quality Research site at Iowa State University's Northeast 
Research Farm near Nashua, Iowa. Specific objectives of this dissertation study were to 
determine: 
1. crop and tillage effects on preferential movement of water to subsurface 
drains in response to rain events, 
2. tillage effects on water flow and nitrate-N loss through subsurface drains, 
and 
3. nitrogen management effects on subsurface drain flow and nitrate-N loss and 
concentration in drain effluent. 
Since preferential flow is an important mechanism for water flow through soil, the first 
chapter examines preferential flow effects on subsurface drainage. Drain flow response to 
individual rain events was characterized by four parameters: response time, time-to-peak, 
drainage volume and peak drainage rate. The portion of drainage event flow attributed to 
preferential flow was also estimated using a hydrograph separation technique. Comparisons 
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were made between crop and tillage systems to determine which practice, if any, had the 
greatest influence on water flow to subsurface drains. 
The second and third chapters include water flow, nitrate-N loss and nitrate-N 
concentration data for subsurface drain effluent. Data fi'om 1990 to 1992 were analyzed in 
chapter 2 to compare the effects of four tillage systems (chisel plow, moldboard plow, ridge 
till and no-till) on flow and nitrate-N loss fi'om subsurface drains. Data were separated by 
seasonal stages to determine when nitrate-N loss occurred during the year. Stage data were 
also used to identify if differences between tillage systems occurred only during certain 
periods of the year. 
Chapter 3 uses 1993 to 1995 data to compare nitrogen management effects on 
subsurface drainage. Stage data were used to identify seasonal differences in nitrate-N loss 
and concentration in drain effluent from three nitrogen management practices; single spring 
nitrogen application, split nitrogen application and fall manure application. Differences in 
nitrate-N loss were compared with reference to the amount of nitrogen applied and crop yield. 
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PREFERENTIAL FLOW EFFECTS ON SUBSURFACE DRAINAGE 
RESPONSE TO RAINFALL 
A paper submitted to tiie Transactions of the ASAE 
David Bjomeberg, Ramesli Kanwar, Stewart Melvin 
Abstract 
Sudden rise in subsurface drain flows and subsurface flow velocities immediately after 
heavy rains has been observed in agricultural fields, primarily due to the presence of macropores. A 
field study was conducted to determine the eflfects of preferential flow through macropores on 
subsurface drain flows. In this study, a state-of-the-art instrumentation system was developed to 
automatically collect data on subsurface drainage rates and preferential flows during the 1993, 
1994 and 1995 growing seasons. Subsurface drainage response to rainfall was compared between 
two tillage systems (no-till and chisel plow) and two crop rotations (continuous com and corn-
soybean) by identifying response time, time-to-peak drainage rate, drainage volume and peak 
drainage rate. Data were highly variable from the 18 drainage events over the three years. 
Response time and time-to-peak were not clearly faster for no-till plots compared to chisel plow 
plots. Chisel plow plots under continuous com and soybeans after com drained more water than 
other treatments during the extremely wet 1993 growing season. Under essentially normal rainfall 
conditions in 1994, drainage volume was not different between the tillage and crop rotation 
systems. However, no-till rotation com had higher peak drainage rate, shorter response time and 
faster time-to-peak than chisel plow continuous com. 
8 
Preferential flow was estimated for each drainage event by separating subsurface drain flow 
hydrographs based on flow rate changes. Preferential flow was found to be greater than 10% of the 
total subsurface drainage flow in only three of the 18 drainage events. Although the amount 
preferential flow varied from event to event (0% to 9.2%), average annual amounts of preferential 
flow from no-till plots were equal or greater than that of chisel plow plots. Tillage and crop 
rotation aflfected preferential flow for these loam soils, but overall this study indicates that changes 
occurring in the soil flow system during the growing season had more affect on preferential flow 
and total subsurface drainage than the treatments per se. 
Keywords: Subsurface drainage. Preferential flow. Drainage Events. 
Introduction 
Water is the primary transport mechanism for moving chemicals in the soil profile. 
However, water does not flow uniformly in soil, but rather through least resistant pathways as 
noted by Beven and Germann (1982), Booltink and Bouma (1991), Gish and Jury (1983), Kanwar 
(1991), Kluitenberg and Horton (1990), Kung (1990), Priebe and Blackmer (1989), Richard and 
Steenhuis (1988) and others. These preferential pathways may be cracks, root holes, worm 
burrows or pore spaces between soil particles. 
Preferential flow through larger pathways, or macropores, is of particular interest because 
water and chemicals can move quickly through the soil profile. These flow paths, however, can 
change with crops, tillage, climate and time. Singh and Kanwar (1991), for example, found that 
macropores have larger diameter and are better-connected in no-till soil compared to 
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conventionally tilled soil. Also, no-till soil tends to have more earthworms and earthworm holes 
than tilled soil (Dick et al., 1991;Ehlers, 1975). 
Monitoring subsurface drainage for water quality studies is useful because the effects of 
preferential and matrix flows are integrated (Richard and Steenhuis, 1988). Three typical drain flow 
measurement systems used in water quality studies are I.) weirs or flumes with stage recorders, 2.) 
sump pumps with flow meters and 3.) tipping buckets (Milbum and MacLeod, 1991). Weirs and 
flumes collect continuous subsurface drain flow data, but the resolution is typically only 30 
minutes. Tipping buckets and sump pumps collect data at discrete flow intervals. A certain volume 
of water is required to tip the bucket or activate the pump. The precision of these systems is 
determined by the size of the bucket or sump. One advantage of a sump pump system is that water 
does not have to flow by gravity from the sump to an outlet as with weirs, flumes or tipping 
buckets. 
A subsurface drainage monitoring site was established in 1990 for determining crop and 
tillage impacts on groundwater quality (Kanwar, 1991). Three years of data (1993 to 1995) from 
this site were used to determine crop sequence and tillage effects on subsurface drainage response 
to rainfall. Four parameters were obtained for each drainage event: response time, time-to-peak 
drainage rate, drainage volume and peak drainage rate. A simple method for estimating preferential 
flow was also used for comparing drainage response to rainfall. 
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Materials and Methods 
Experimental Site 
The experimental site for this study was Iowa State University's Northeast Research Farm 
near Nashua, Iowa. Primary soil types are Floyd, Kenyon and Readlyn loams. These soils have 
loamy topsoil with loam, clay loam and sandy loam subsoil. Floyd and Readlyn soils are somewhat 
poorly drained, while Kenyon soil is moderately well drained. Slopes vary from 0 to 4% but are 
generally less than 2%. 
Farming practices on the 36, 0.4-ha plots included 12 no-till (NT) and 18 chisel plow (CP) 
plots under corn-soybean rotation and 6 continuous com (CC) chisel plow plots (Figure 1). Chisel 
plow plots were plowed in fall and field cultivated in spring before planting. No-till crops were 
planted directly into stubble. All soybean plots were planted with a no-till drill. All com plots were 
cultivated once for weed control except in 1993 when wet conditions prevented cultivation. 
Two nitrogen fertilizer treatments were applied to CC plots: single, pre-plant urea-
ammonium nitrate (UAN) application at 135 kg N/ha and fall swine manure application. CP 
rotation com received three nitrogen treatments: single, pre-plant UAN application at 110 kg N/ha, 
fall swine manure application and 30 kg N/ha pre-plant application with additional UAN 
sidedressed based on late spring soil nitrate test. NT rotation com received the same nitrogen 
treatments as CP rotation com without the manure treatment. 
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Subsurface Drainage System 
In 1979, lOO-mm diameter corrugated plastic subsurface drains were installed 
approximately 1.2 m deep at 28.5 m spacing (Figure 1). Drains were located in the centers of the 
plots and on the borders between plots. In 1989, center drains were intercepted for drain flow 
measurements and water quality sampling. The drains along the plot borders isolate the north and 
south sides of the plots. The plots were not isolated on the east or west sides. Center drain lines 
were routed to individual meter sumps at one of ten collection sites. The collection sites were 
located so water flows by gravity from the plot to the meter sump. Each collection site had two to 
six meter sumps (Figure 1). The meter sumps were 0.4-m diameter PVC air duct tubing with 
sealed bottoms. Inside each meter sump was a flow metering assembly which included a 0.37 kW 
sump pump, check valve, flow meter and quick release coupler (Figure 2). A 38-mni diameter 
PVC pipe connected the sump pump to a spring-type check valve and the check valve to a positive 
displacement water meter. 
Water pumped from the meter sump flowed through a 25-mm flow meter to a collection 
sump, which was a 0.6-m diameter corrugated black plastic culvert. An overflow pipe with check 
valve allowed water flow to the collection sump if the sump pump malfiinctioned. Water-tight seals 
were used on all lower connections to ensure a good seal against groundwater seeping into the 
meter sumps. Water in collection sumps was discharged by gravity to a main subsurface drain line 
(Figure 2). Approximately 40 L of water were discharged from a given sump during a pump cycle, 
which approximately equals 0.02 mm of drainage from the plot. Continuous water samples for 
nitrate and pesticide analysis were collected through an orifice tube located on the discharge pipe 
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(Figure 2). Approximately 0.2% of the water pumped from the sump pump flowed through a 5 
mm diameter polyethylene tube to a sample bottle located in the collection sump. Flow to the 
sample bottles was regulated by commercially available, #35, stainless-steel orifice plates, which are 
commonly used to regulate flow in spraying systems. 
Subsurface Drain Flow Measurement 
Flow meters have cast bronze cases and nutating disc measuring chambers, which measure 
volume by positive displacement principle. Analog registers and Tricon/E* transmitters were 
mounted on the meters. The analog register records flow to 0.001 m"\ The output voltage from the 
electronic transmitters increases approximately 2.5 times when the sump pump is running. 
Three Campbell Scientific CRIO * data loggers monitored the output voltage from the 
transmitters and a tipping bucket rain gage. Transmitter output voltage was measured at one 
second intervals by the data loggers to determine when each sump pump operates. By recording 
the times when sump pumps started and stopped pumping, the duration of the pump cycle and the 
volume of water discharged were determined. The data loggers were essentially timers measuring 
how long a sump pump runs during a pump cycle and the time interval between pump cycles. 
The volume of water discharged during a pump cycle was calculated by multiplying the 
duration of the pump cycle by the pumping rate. A constant volume of water was not discharged 
during each pump cycle. Pump cycles were approximately 30 seconds long at low drainage rates 
but increased to 45 seconds or more at higher flow rates. The volume of water discharged during a 
The mention of trade or manufacturer names is made for information only and does not imply an 
endorsement, recommendation or e.xclusion by Iowa State University. 
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pump cycle was usually about 40 L but increased to over 100 L at high drain flow rates (0.8-1.0 
L/s). The volume of water discharged during a pump cycle equals the volume of water that drained 
from the plot since the previous pump cycle. 
Drainage Parameters 
Drainage events were characterized by a rapid increase in drain flow rate followed by a 
slow recession (Figure 3). Similar drainage response to rainfall was described by Lesaffre and 
Zimmer (1988). The beginning of a drainage event was defined as the time when drain flow rate 
starts increasing in response to rainfall. The event presumably ended when the next rainfall event 
occurred or the drainage rate decreased to the pre-event rate. 
Four parameters were determined for each drainage event: response time, time-to-peak 
drainage rate, drainage volume and peak drainage rate. Response time was the time interval 
between the first tip of the rain gage (0.25 mm of rain) and the beginning of a drainage event. 
Time-to-peak was the time interval between the start of the drainage event and the peak drainage 
rate. For multi-response events as shown in Figure 3, drainage parameters were identified for each 
sub-event. 
Preferential and Matrix Flow Separation 
The underlying assumption of the flow separation method was that water flow to 
subsurface drains could be separated into two components. This phenomena was first described by 
Lawes et al. (1882) as direct drainage and general drainage. This approach has since been used by 
Everts and Kanwar (1990) to determine preferential flow contribution to subsurface drainage 
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during a rainfall simulation. Steenhuis et al. (1994) also assumed water flowed through two distinct 
pathways to develop an equation for predicting preferential flow solute concentrations. While 
preferential flow (direct drainage) and matrix flow (general drainage) are actually on opposite ends 
of a continuuin, a dual porosity system is convenient for making comparisons and appears to 
describe the system better than a uniform porosity. 
Subsurface drain flow hydrographs were divided into preferential and matrix flows by a 
method similar to separating surface runoflF and baseflow for stream hydrographs. The variable 
slope method for baseflow separation (Chow et al, 1988) was modified for dividing drain discharge 
into matrix and preferential flow components. The matrix flow rate was assumed to be relatively 
constant during a drainage event, similar to baseflow for a stream hydrograph. Rapid drain flow 
rate changes were assumed to be caused by preferential flow, analogous to surface runoff". The 
analogy between surface runoff and preferential flow is not completely valid since most preferential 
flow paths are not directly connected to subsurface drains. Vertical preferential flow raises the 
water table quickly, causing tile flow rate to increase. The portion of drain flow attributed to 
preferential flow by hydrograph separation is not likely the water that actually reaches the water 
table by preferential flow. 
To determine when preferential flow was occurring, the change in drainage rate with time 
was calculated for each event. Drainage rate was normalized to eliminate differences in peak flow 
rates. Normalized drainage rate changes were consistent among almost all plots and drainage 
events. Drainage rate increased rapidly at the beginning of a drainage event. The flow rate 
continued to increase at a slower rate until the peak rate occurred. After the peak rate occurred. 
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flow decreased rapidly for a short time before decreasing at a slower, almost constant rate. These 
rate changes were used to divide hydrographs into three segments (Figure 4). Matrix flow was 
assumed to continue at a constant rate between points A to B and then increase linearly between 
points B and C. Preferential flow accounts for the rapid increase and decrease in drainage rate. 
After point C, preferential flow presumably stops and matrix flow accounts for the total drain flow 
(Figure 5). 
After identifying points A B and C for each drainage event, the volume of matrix flow was 
calculated by the following equation: 
where Qm is matrix flow volume, qA and qc are drainage rates at points A and C respectively, and 
tA, tB and tc are time at points A B and C respectively. The preferential flow volume and percent 
preferential flow were then calculated by the two following equations: 
Qm = qA(tB - tA)+ Kqc - qA)(tc - ts) 1 




where Qp is preferential flow volume, Qac is total flow between points A and C, and Qt is total 
flow for the drainage event. Figure 5 shows a separated hydrograph for event 5a in 1993. 
For some drainage events, point B could not be identified because the drainage rate for 
some plots did not decrease rapidly. Under these circumstances, the matrix flow volume was 
calculated by equation 4 instead of equation 1. 
Qm=3(qc  +  qA)( t c - tA)  4  
The theory behind this technique is that water flows vertically to the water table through 
preferential pathways. This causes a rapid increase in hydraulic head as water infiltrates and air is 
trapped. The drainage rate then decreases quickly as water in the preferential flow paths spreads to 
the soil matrix and air leaves the soil, causing the matrix flow rate to increase. The matrix flow rate 
continues to increase until the matrix and preferential water tables are equal. The reasoning behind 
this preferential flow separation method may not be true with nature, but it characterizes the rapid 
drainage rate changes that result fi-om rainfall. 
Data Analysis 
Analysis of variance was not used because the experimental design was not random. 
Treatments were assigned based on previous farming practices to reduce the transition time 
between farming systems. Since the number of plots within a crop and tillage system were not 
always the same, subsurface drain flow data were compared by a series of t-tests (p=0.05). Data 
were grouped by crop and tillage system without regard for nitrogen management practices. Five 
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diflferent systems were considered in this study for subsurface drain flow analysis: chisel plow 
continuous com (CC), chisel plow rotation com (CP-com), no-till rotation com (NT-com), chisel 
plow rotation soybean (CP-bean) and no-till rotation soybean (NT-bean). 
Results and Discussion 
The 1993 growing season was extremely wet and excessive rain resulted in high subsurface 
drain flow. Periodically, the large amount of data collected exceeded the 24-h storage capacity of 
the data loggers. Therefore, complete data sets were available from only 18 of the 36 plots (three 
no-till soybean, four chisel plow soybean, three no-till com, five chisel plow com and three 
continuous com) in 1993. Complete subsurface drain flow data sets were available for only 29 
plots during 1994 and 1995 (six no-till soybean, seven chisel plow soybean, four no-till com, six 
chisel plow com and six continuous com) because of broken wires or malfunctioning transmitters 
on seven plots. 
Precipitation during the 1993 growing season was 1000 mm, approximately 250 mm above 
average for the site. The extremely wet conditions caused drains to flow almost continuously 
throughout the growing season (Figure 6). Five drainage events were identified as a result of 
rainfall events greater than 25 mm. Four of these events were sub-divided because drainage rates 
changed as rainfall intensity varied; increasing the total number of 1993 drainage events to 10 
(Table 1). 
Precipitation during the 1994 growing season was close to the normal precipitation of 750 
mm. Drains flowed sporadically during the growing season, and six drainage events were used for 
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this analysis (Figure 7). A linear-move irrigation system was used to apply approximately 20 mm of 
water on Oct. 18-20 for the sixth event (Table 1). Events 5 and 6 occurred after harvest but before 
fall tillage. 
Subsurface drains also flowed sporadically during 1995 when precipitation was close to the 
normal (Figure 8). Seven drainage events were identified through July 1995 and were used in this 
analysis (Table 1). For the first three events, rainfall intensity was less than 10 mm/h. Maximum 
intensities for the remaining events were 70-150 mm/h. Peak drain flow rates exceeded the 
pumping rates for six plots during events 4 through 7. This caused pumps to run continuously for 
up to an hour, cutting oflF the peaks on the drain flow hydrographs. 
Drainage Parameters 
Subsurface drain flow volume and peak drainage rate were related to each other in 1994 
and 1995. For all drainage events, the system with the lowest drainage volume also had the lowest 
peak drainage rate. Furthermore, the system with the highest drainage volume had the highest peak 
drainage rate in four of the events. Response time and time-to-peak were not related and these time 
parameters did not show any relationship wath drainage volume or peak drainage rate. 
Drainage parameter values were extremely variable between drainage events. To compare 
annual differences between crop and tillage systems, data were normalized for each drainage event 
or sub-event by dividing each value of an event by the event maximum. These relative values were 
then averaged annually for the five different systems. A larger relative value indicates slower 
response time and time-to-peak or greater drainage volume and peak drainage rate. 
For 1993, response time and time-to-peak were not significantly different between systems 
(Table 2). The CC had significantly higher relative drainage volume than CP-corn, NT-corn and 
NT-bean. The CP-bean also had significantly higher volume than CP-corn. Relative peak drainage 
rates were significantly higher for CP-bean compared to NT-bean, CP-corn and NT-corn and for 
CC compared to CP-corn and NT-corn. High peak rates and larger drainage volumes fi-om the 
chisel plow plots conflicts with conventional wisdom that more water flows through no-till soils 
due to preferential flow. However, the extremely wet conditions in 1993 may have limited 
macropore development, especially cracks and fi'actures, reducing the relative differences between 
the two tillage systems. Furthermore, 1993 was a transition year for the site. Before 1993, one NT-
bean plot had been moldboard plowed, one CP-bean and two CP-corn plots had been ridge tilled, 
and two CP-corn plots had been moldboard plowed. 
In 1994, relative volume drained was not significantly different between any system (Table 
2). The CP-com and the NT-corn, however, had significantly faster relative response times than 
CC, as indicated by lower relative values. The NT-corn also had a higher relative peak drainage 
rate than CC, CP-bean and NT-bean and a faster relative time-to-peak than CP-bean and CP-com, 
Faster time parameters and higher peak rates seem to indicate more preferential flow occurred 
under NT-corn in 1994 compared to the other systems. However, this trend did not continue in 
1995 when all systems had faster time-to-peak and higher drainage volume and peak drainage rate 
than CP-com. Slower time-to-peak, and lower drainage volume and peak rate under CP-com 
indicates lesser amount of preferential flow under CP-com compared to other systems in 1995. 
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Consistent significant differences between crop and tillage systems were not observed for 
individual drainage events. Large variations occurred between data within a system for a given 
event as indicated by standard deviations occasionally exceeding the system average. Tables 3, 4, 5 
and 6 show average response time, time-to-peak, drainage volume and peak drainage rate values, 
respectively, for crop and tillage systems by drainage event. CP-corn and NT-com had the lowest 
drainage volume for six and four events, respectively, while CC had the highest drainage volume 
for six events in 1993. This reiterates the significant differences in average relative drainage 
volumes shown in Table 2. Lack of significant differences for time parameters during 1993 was 
corroborated by no apparent trends in response time and time-to-peak data for individual events. 
Each crop and tillage system, for example, had the slowest and fastest time-to-peak for at least one 
drainage event. 
In 1995, CP-corn had the slowest response time for four of seven events and slowest time-
to-peak for five of seven events. This system also had the lowest drainage volumes and peak 
drainage rates for six of seven events in 1995, indicating again that CP-corn had less preferential 
flow than other systems in 1995. 
A possible reason why the preferential flow trends did not continue in 1993 and 1995 for 
NT-com, and 1993 and 1994 for CP-com is that 1993 was an extremely wet transition year. 
Furthermore, crop and tillage systems may not have had a strong enough influence to overcome 
rotation effects. The 1994 NT-com plots were planted to soybeans in 1995. NT-bean had faster 
time-to-peak and higher drainage volume and peak drainage rate for three of seven events in 1995, 
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Indication of more preferential flow from NT-bean in 1995 implies that tillage and soil may have 
greater effect on preferential flow to subsurface drains than crop. 
Preferential Flow Separation 
Using the hydrograph separation technique, preferential flow was found to be less than 
10% of the total volume drained for 1993 drainage events (48 values). Only two preferential flow 
values exceeded 10% of the total flow in 1994 (91 values) and 1995 (79 values). For multi-
response events, preferential flow usually occurred for only the initial response because drainage 
rate changes were relatively small for the following sub-events. Furthermore, preferential flow was 
identified only twice for drainage events 1 and 2 in 1995. Rainfall during these two events was low 
intensity and was preceded by more than 10 mm of rain within the previous 24 hours. These results 
were consistent with research showing that preferential flow paths close as soil becomes wet 
(Timlin et al., 1993). 
Average percent preferential flow for 1993 was significantly greater for CP-bean compared 
to CP-com (Table 7). However, drainage events 4 and 5 were the only 1993 drainage events with 
significant differences. CP-bean had significantly larger percent preferential flow than CP-com for 
event 4 while CP-bean and NT-bean had significantly more preferential flow than CC for event 5. 
During 1994, annual average percent preferential flow was not significantly different among any of 
the five systems. However, significant differences did occur between systems for three drainage 
events when the data logger measuring rainfall was operational (events 1, 5 and 6). NT-bean had 
significantly more preferential flow than CP-com for event 1. CP-bean had significantly less 
preferential flow than NT-corn and CC for event 5 and NT-com, CP-com and CC for event 6. 
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NT-bean was the only system to have any preferential flow during events 1 and 2 of 1995; 
therefore, no statistical comparisons were made on these events. The NT-bean also had 
significantly higher percent preferential flow than at least one other system for the remaining five 
drainage events (Table 7). CP-corn had significantly less preferential flow than other systems in 
four events. This supports conclusions based on drainage parameters that percent preferential flow 
was higher for NT-bean and lower for CP-corn in 1995. 
Both no-till and chisel plow plots averaged 2.6% preferential flow in 1993. In 1994, no-till 
plots averaged 3.2% preferential flow and chisel plow plots averaged 1.8%. The difference was 
significant at the 5% probability level. Preferential flow was also significantly different in 1995, with 
no-till plots averaging 1.8% and chisel plow plots averaging 0.7%. The lack of significant 
difiFerence in preferential flow between no-till and chisel plow in 1993 was attributed to the 
extremely wet conditions. 
Inconsistent preferential flow results may indicate a lack of differences between these tillage 
systems. Tillage only influences the top 10 to 20 cm of soil, which is a small portion of the soil that 
water must flow through before reaching a subsurface drain. Previous research at this site indicated 
that site variability may have a greater effect on infiltration than tillage (Logsdon et al., 1993). 
Conclusions 
The data acquisition system worked well for measuring subsurface drain flow rate response 
to rain events. Data from the subsurface drain monitoring system showed that subsurface drains 
must be monitored at short time intervals for water quality purposes to detect rapidly occurring 
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changes in subsurface drainage flow rates. Drainage rates occasionally increased 10 fold within 30 
minutes. These rapid changes emphasize the importance of collecting continuous water samples for 
water quality studies. Discrete samples collected daily or weekly do not adequately sample quality 
of water at varying drainage rates. 
A hydrograph separation technique was used to estimate preferential flow for drainage 
events. Preferential flow was greater than 10% of the total event drainage on only four occasions in 
a period of three years. Average percent preferential flow for 1993 was 2 .6% for both no-till and 
chisel plow plots. In 1994, percent preferential flow averaged 3.2% for no-till plots and 1.8% for 
chisel plow plots, which was significantly diflFerent at 5% probability level. Percent preferential flow 
was also significantly different in 1995 with no-till plots averaging 1.8% and chisel plow plots 
averaging 0.7%. Higher preferential flow was linked to faster time-to-peak and greater drainage 
volume and peak drainage rate. Chisel plow plots under soybeans averaged significantly more 
preferential flow in comparison with the chisel plow plots under com for one event and the average 
of all events in 1993. In 1994, average preferential flow for all events was not significantly different 
between crop rotations and tillage systems but significant differences did occur for three individual 
events. No-till soybean had significantly higher preferential flow than at least one other system for 
five events in 1995. 
Drainage parameters and preferential flow were not consistently different between tillage 
and crop systems. Drainage parameter data did not clearly indicate more preferential flow took 
place under no-till systems. More noticeable differences between tillage systems may have occurred 
if no-till systems were used with controlled traffic. 
24 
References 
Beven, K. and P. Germann. 1982. Macropores and water flow in soils. Water Resour. Res. 
18:1311-1325. 
Booltink, H.W.G. and J. Bouma. 1991. Physical and morphological characterization of bypass flow 
in a well-structured clay soil. Soil Sci. Soc. Am. J. 55(4): 1249-1254. 
Chow, V.T.; D.R. Maidment and L.W. Mays. 1988. Applied Hydrology. McGraw-Hill, Inc. New 
York, pp 134-135. 
Dick, W.A.; E.L. McCoy, W.M. Edwards and R. Lai. 1991. Continuous application of no-tillage 
to Ohio soils. A^on. J. 83:65-73. 
Ehlers, W. 1975. Observations on earthwomn channels and infiltration on tilled and untilled loess 
^6\\. Soil Sci. 119(3):242-249. 
Everts, C.J. and R.S. Kanwar. 1990. Estimating preferential flow to a subsurface drain vvdth tracers. 
Transactions of the ASAE 33(2):451-457. 
Gish, T.J. and W.A. Jury. 1983. Effect of plant roots and root channels on solute transport. 
Transactions of the ASAE 26:440-444, 451. 
Kluitenberg, G.J. and R. Horton. 1990. Effect of solute application method on preferential 
transport of solutes in soil. Geoderma 46:283-297. 
Kanwar, R.S. 1991. Preferential movement of nitrate and herbicides to shallow groundwater as 
affected by tillage and crop rotation. In: Proceeding of the National Symposium on 
Preferential Flow, .American Society of Agricultural Engineers, pp. 328-337 (Edited by T.J. 
Gish and A. Shirmohammadi). 
Kung, K-J.S. 1990. Preferential flow in a sandy vadose zone: field observation. Geoderma 46:51 -
58. 
Lawes, J.B.; J.H. Gilbert and R. Warington. 1882. On the amount and composition of the rain and 
drainage water collected at Rothamstead. Williams, Clowes, London, England. 
Lesaffre, B. and D. Zimmer. 1988. Subsurface drainage peak flows in shallow soil. J. Irrig. Drain. 
D/V., ASCE 114(3):387-405. 
Logsdon, S.D.; J.L. Jordahl and D.L. Karlen. 1993. Tillage and crop effects on ponded and tension 
infiltration rates. Soil Tillage Res. 28:179-189. 
25 
Milburn, P. and J. MacLeod. 1991. Considerations for tile drainage-water quality studies in 
tempQTate Tenons. Applied Eng. inAg. 7(2):209-215. 
Priebe, D.L. and A.M. Blackmer. 1989. Preferential movement of oxygen-18-labeled water and 
nitrogen-15 labeled urea through macropores in a Nicollect soil. J. Environ. Qual. 18:66-
72. 
Richard, T.L. and T.S. Steenhuis. 1988. Tile drain sampling of preferential flow on a field scale. J. 
Cont. Hydrol. 3:307-325. 
Singh, P. and R.S. Kanwar. 1991. Preferential solute transport through macropores in large 
undisturbed saturated soil columns. J. Environ. Qual. 20:295-300. 
Steenhuis, T.S.; J. Boll, G. Shalit, J.S. Selker and LA. Merwin. 1994. A simple equation for 
predicting preferential flow solute concentrations. J. Environ. Qual. 23(5): 1058-1064. 
Timlin, D; L. Ahuja and G. Heathman. 1993. Preferential transport of a non-adsorbed solute: Field 
measurements. In: Proceedings of National Conference on AgriatUural Research to 
Protect Water Quality, 386-387. 
26 
Table 1. Date, duration and depth of rain for drainage events. 
Event Rainfall 
Beginning Duration Depth 
Event Date DOY' Time fnim) Previous Rain 
1993 1 29 June 180 18:56 12.3 30 2.5 mm on 19 June. 
2a 08 July 189 20:26 1.1 5 9 mm on 5 July. 
2b 08 July 189 21:32 5.9 46 
3a 15 Aug. 227 5:41 4.3 27 11 mm on 14 Aug. 
3b 16 Aug. 228 2:38 5.3 12 
4a 18 Aug. 230 10:04 2.9 30 Event 3b. 
4b 18 Aug. 230 17:46 1.9 10 
5a 22 Aug. 234 23:02 0.7 24 8 mm at 6:00, 22 Aug. 
5b 23 Aug. 235 0:11 0.7 11 
5c 23 Aug. 235 2:33 4.0 21 
1994 1 19 June 170 16:07 2.4 24 6 mm in past 5 days. 
2' 07 July 188 41 9 mm in past 14 days. 
^2 j 13 July 194 25 23 mm on 12 July. 
4^ 19 July 200 25 9 mm on 18 July. 
5 17 Oct. 290 14:37 5.8 17 10 mm at 3:00 , 17 Oct. 
6' 18 Oct. 291 2.0 20 Event 5. 
1995 1 11 April 101 1009 9.2 13 11 mm on 10 April. 
2 02 June 153 354 7.8 10 13 mm on 1 June. 
j 06 June 157 2010 5.8 13 11 mm on 5 June. 
4 25 June 176 1240 8.3 40 25 mm on 24 June. 
5 26 June 177 1403 2.4 22 Event 4. 
6 04 July 185 1827 4.5 42 2 mm 12 hr earlier. 
7 05 July 186 1222 1.9 17 Event 6. 
' Day of the year. 
" Unreliable information from data logger recording rainfall. 
' Irrigation at 64 mm/h. 
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Table 2. Annual average normalized values for crop and tillage systems. 
Continous Rotation Rotation 
Com Corn Soybean 
1993 CP CP NT CP NT 
Response Time 0.69 a 0.75 a 0.69 a 0.65 a 0.67 a 
Time-to-Peak 0.41 a 0.49 a 0.42 a 0.40 a 0.44 a 
Drainage Volume 0.75 a 0.51 c 0.57 be 0.74 ab 0.58 be 
Peak Drainage Rate 0.59 ab 0.47 c 0.45 c 0.70 a 0.54 be 
1994 
Response Time' 0.73 a 0.44 b 0.39 b 0.62 ab 0.51 ab 
Time-to-Peak 0.40 ab 0.57 a 0.26 b 0.43 a 0.33 ab 
Drainage Volume 0.26 a 0.37 a 0.34 a 0.28 a 0.30 a 
Peak Drainage Rate 0.22 b 0.34 ab 0.56 a 0.27 b 0.21 b 
1995 
Response Time 0.51 a 0.56 a 0.44 a 0.44 a 0.44 a 
Time-to-Peak 0.19b 0.44 a 0.21 b 0.26 b 0.22 b 
Drainage Volume 0.29 b 0.16c 0.41 a 0.44 a 0.43 a 
Peak Drainage Rate 0.28 b 0.11 c 0.43 a 0.41 a 0.45 a 
Means in a row with different letters are significantly different at p=0.05. 
'Only includes data for events 1, 5 and 6. 
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Table 3. Average response time (min) for crop and tillage systems. 
Continuous Com Rotation Com Rotation Soybean 
Chisel Plow Chisel Plow No-till Chisel Plow No-till 
Events Ave Std Ave Std Ave Std Ave Std Ave Std 
1993 1 135 4 138 16 135 2 133 3 91 64 
2a 47 9 42 20 41 7 36 3 32 20 
2b 172 13 156 21 171 - 141 - 141 10 
3a 21 - 36 9 12 12 27 13 28 -
3b 123 14 110 17 75 34 103 70 130 14 
4a 69 - 69 6 69 0 76 9 76 6 
4b 16 2 18 2 17 0 19 6 17 1 
5a 16 13 28 9 34 3 28 5 35 4 
5b 25 7 34 12 38 1 22 4 22 J 
5c 18 




24 - 27 5 36 17 54 18 45 2 
J 
4' 
5 157 30 33 J 37 9 NR NR 48 
6 98 19 88 18 77 9 37 - 76 -
1995 1 192 140 108 32 78 35 127 115 49 35 
2 443 49 907 685 269 92 480 337 782 716 
3 23 10 29 17 3 3 108 216 10 11 
4 137 7 148 12 120 8 122 6 125 5 
5 21 10 29 6 14 2 15 2 14 'y J 
6 113 1 74 26 96 15 109 9 97 8 
7 30 2 33 8 28 4 30 J 29 2 
' Unreliable information from data logger recording rainfall. 
NR: no response to rainfall. 
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Table 4. Average time-to-peak (min) for crop and tillage systems. 
Continuous Com Rotation Com Rotation Soybean 
Chisel Plow Chisel Plow No-till Chisel Plow No-till 
Events Ave Std Ave Std Ave Std Ave Std Ave Std 
1993 1 17 3 42 20 20 9 44 16 66 62 
2a 48 4 76 - 72 - 63 - 27 2 
2b 171 12 249 47 178 - 199 - 138 70 
3a 16 - 16 5 37 15 17 2 24 -
3b 182 75 257 187 111 36 121 77 449 230 
4a 42 - 40 19 46 16 37 12 28 13 
4b 86 5 161 63 89 78 51 30 56 51 
5a 54 22 38 6 38 13 39 8 31 8 
5b 34 - 58 55 32 18 70 18 42 14 
5c 22 - 34 5 51 12 42 - 70 20 
1994 1 10 - 37 27 28 16 34 14 35 -
2 28 11 26 13 10 3 12 5 12 -
3 57 39 74 38 39 10 63 27 31 -
4 28 5 33 15 19 5 24 2 24 -
5 88 12 167 117 19 2 NR NR 210 -
6 22 11 33 23 22 6 27 - 10 -
1995 1 477 187 733 153 548 54 595 177 616 233 
2 743 447 1325 915 891 189 907 841 918 928 
3 227 415 140 144 25 10 199 430 159 312 
4 20 3 25 8 33 18 67 - 18 6 
5 92 28 564 210 114 51 133 78 64 40 
6 27 5 401 282 39 13 27 7 32 16 
7 22 J 163 227 24 7 31 12 19 13 
NR; no response to rainfall. 
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Table 5. Average drainage volume (mm) for crop and tillage systems. 
Continuous Com Rotation Com Rotation Soybean 
Chisel Plow Chisel Plow No-till Chisel Plow No-till 
Events Ave Std Ave Std Ave Std Ave Std Ave Std 
1993 1 12.0 1.1 8.1 1.8 9.8 6.0 17.7 2.3 9.5 2.6 
2a 2.3 0.5 2.0 - 1.5 - 3.4 - 1.8 0.0 
2b 14.1 0.5 8.5 3.9 13.5 - 18.4 - 15.1 0.0 
3a 3.2 - 1.6 0.2 2.7 0.9 2.6 1.5 1.8 -
3b 5.7 1.2 3.8 0.2 6.5 1.6 5.6 2.6 4.4 -
4a 3.3 - 2.2 0.3 1.7 0.4 3.0 1.8 2.1 0.7 
4b 18.5 0.7 12.3 5.3 13.5 2.5 14.4 5.0 13.4 3.3 
5a 0.9 0.2 0.6 0.3 0.6 0.0 0.9 0.5 0.7 0.2 
5b 2.6 0.0 1.8 0.4 1.2 0.3 2.3 1.4 1.8 0.4 
5c 23.9 3.4 21.6 2.5 20.1 3.5 20.0 3.4 21.6 1.6 
1994 1 0.3 0.4 1.4 1.8 1.0 0.8 1.0 0.6 1.9 0.5 
2 2.1 0.3 3.2 2.1 3.5 0.1 3.8 0.4 1.8 1.8 
3 4.1 0.7 4.0 3.6 4.8 0.4 4.6 0.7 3.9 3.9 
4 4.0 1.0 3.1 2.7 4.1 0.6 3.7 0.6 4.0 4.0 
5 1.3 0.6 3.2 3.6 1.9 1.5 0.0 0.0 0.6 0.6 
6 4.4 1.5 7.5 7.9 3.8 2.8 0.8 1.4 2.6 2.6 
1995 1 4.0 2.3 4.1 1.3 7.4 2.6 5.7 3.6 6.0 4.8 
2 2.7 1.2 1.9 1.6 5.4 2.0 4.5 3.8 4.6 4.4 
3 2.7 1.3 1.4 1.1 4.9 1.6 4.6 3.2 5.7 4.2 
4 6.6 1.6 1.9 0.8 8.0 2.9 15.6 3.3 9.8 5.1 
5 3.5 1.1 1.2 0.3 4.2 1.2 5.4 3.0 5.4 2.1 
6 4.0 0.7 1.6 0.6 4.8 1.0 9.8 10.8 7.2 3.0 
7 15.9 2.3 8.5 1,9 17.8 2.3 17.0 3.1 19.2 5.3 
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Table 6. Average peak drainage rate (L/s) for crop and tillage systems. 
Continuous Com Rotation Com Rotation Soybean 
Chisel Plow Chisel Plow No-till Chisel Plow No-till 
Events Ave Std Ave Std Ave Std Ave Std Ave Std 
1993 1 0.21 0.08 0.13 0.10 0.15 0.04 0.33 0.02 0.16 0.09 
2a 0.61 0.14 0.54 0.02 0.46 0.12 0.72 0.17 0.63 0.15 
2b 0.48 0.01 0.22 0.09 0.31 0.07 0.91 - 0.47 0.07 
3a 0.09 0.05 0.08 0.03 0.10 0.00 0.15 0.09 0.06 -
3b 0.08 0.01 0.05 0.01 0.07 0.03 0.09 0.04 0.04 0.02 
4a 0.29 0.07 0.31 0.08 0.23 0.00 0.44 0.26 0.31 0.12 
4b 0.31 0.03 0.32 0.13 0.18 0.03 0.30 0.19 0.22 0.08 
5a 0.48 0.06 0.34 0.02 0.39 0.13 0.51 0.23 0.47 0.14 
5b 0.68 0.03 0.56 0.06 0.39 0.01 0.66 0.38 0.64 0.17 
5c 0.97 0.04 0.88 0.03 0.68 0.03 0,80 0.33 0.92 0.19 
1994 1 0.00 0.01 0.02 0.02 0.02 0.02 0.02 0.01 0.02 0.00 
2 0.07 0.03 0.09 0.05 0.25 0.01 0.15 0.06 0.03 0.03 
3 0.07 0.01 0.08 0.06 0.14 0.03 0.07 0.01 0.04 0.04 
4 0.25 0.02 0.19 0.12 0.50 0.06 0.24 0.04 0.27 0.27 
5 0.01 0.01 0.05 0.06 0.05 0.02 0.00 0.00 0.01 0.01 
6 0.06 0.03 0.14 0.14 0.10 0.08 0.01 0.02 0.03 0.03 
1995 1 0.09 0.05 0.09 0.02 0.19 0.06 0.15 0.08 0.16 0.10 
2 0.02 0.01 0.02 0.01 0.05 0.02 0.05 0.03 0.05 0.04 
3 0.04 0.03 0.02 0.01 0.12 0.05 0.13 0.13 0.26 0.30 
4 0.53 0.16 0.08 0.04 0.81 0.22 0.67 0.34 0.73 0.31 
5 0.35 0.11 0.14 0.02 0.45 0.16 0.44 0.37 0.53 0.20 
6 0.24 0.06 0.07 0.03 0.29 0.13 0.48 0.29 0.53 0.22 
7 0.42 0.10 0.10 0.04 0.52 0.20 0.63 0,38 0.56 0.09 
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Table 7. Average percent preferential flow for crop and tillage systems. 
Continuous Com Rotation Com Rotation Soybean 
Chisel Plow Chisel Plow No-till Chisel Plow No-till 
Events Ave Std Ave Std Ave Std Ave Std Ave Std 
1993 1 1.5 a 0.5 1.4 a 0.8 2.7 a 2.4 2.8 a 0.6 1.8 a 0.9 
2 6.0 a 2.6 0.9 a - 1.8 a - 9.2 a - 6.0 a 0.9 
3 1.7 a - 3.3 a 1.2 1.8 a 1.5 3.0 a 1.9 1.3 a -
4 1.6 ab - 1.1 b 0.4 1.9 ab - 4.1 a 1.1 2.0 ab 1.2 
5 0.2 b 0.1 2.8 ab 1.1 2.9 ab 2.5 2.5 a 0.4 2.9 a 0.7 
All events 2.3 ab 2.5 1.9b 1.2 2.4 ab 2.0 3.7 a 2.3 2.8 ab 1.8 
1994 1 0.0 ab 0.0 0.7 b 0.9 2.0 ab 1.7 3.5 ab 3.5 8.6 a 6.6 
2 2.2 a 0.2 1.2 a 1.7 4.4 a 1.5 3.0 a 1.6 0.8 a 0.8 
3 1.8 a 0.4 2.9 a 2.4 1.6 a 1.2 0.9 a 0.8 0.4 a 0.4 
4 1.8 a 0.7 2.2 a 3.1 0.5 a 0.5 2.4 a 0.8 0.5 a 0.5 
5 3.6 a 2.7 1.7 ab 2.3 6.1 a 4.3 O.Ob 0.0 9.1 ab9.1 
6 2.1 a 1.2 3.4 a 2.1 2.1 a 1.6 O.Ob 0.0 2.3 ab2.3 
All events 1.9 a 1.8 1.9 a 2.4 2.9 a 3.0 1.6 a 2.2 3.6 a 6.0 
1995' 3 0.5 be 0.8 0.0 c 0.0 2.4 a 0.8 1.2 ab 1.2 2.0 ab 1.5 
4 1.2 ab 1.0 1.0 ab 1.2 0.3 b 0.4 - - 2.8 a -
5 0.0 ab 0.1 O.Ob 0.0 0.1 ab 0.1 0.2 ab 0.3 0.1 a 0.1 
6 1.4 b 0.3 0.2 c 0.4 1.3 be 1.3 3.4 ab 2.1 7.2 a 4.7 
7 0.3 b 0.1 0.2 b 0.2 0.3 ab 0.2 0.3 ab 0.1 0.7 a 0.2 
All events 0.7 be 0.9 0.3 c 0.7 0.9 b 1.1 1.3 ab 1.8 2.9 a 3.8 
Means in a row with different letters are significantly different at p=0.05. 










































































































0 check valve 
sump 
pump 
. 5 mm 
Meter Sump 



































0.4 0.6 0.8 1.4 1.6 0 0.2 1 1.2 1.8 2 
Time (h) 












0.0 2.0 1.8 1.6 1.2 1.4 1.0 0.8 0.4 0.6 0.2 
Time (h) 
Figure 5. Separated drain flow hydrograph showing preferential and matrix flow components for event 5a, 1993. 
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SEASONAL CHANGES IN FLOW AND NITRATE-N LOSS FROM 
SUBSURFACE DRAINS AS AFFECTED BY TILLAGE 
A paper to be submitted to the Transactions of the ASAE 
Dave Bjomeberg, Ramesh Kanwar and Stewart Melvin 
Abstract 
Subsurface drainage from 36, 0.4-ha plots was monitored for three years (1990-1992) 
from four tillage systems (chisel plow, moldboard plow, ridge till and no-till) and two crop 
rotations (continuous com and corn-soybean rotation). Drain flow data were organized by 
season stages to determine the effects of rainfall and cultivation on water flow and nitrate-N 
loss through subsurface drains. The hypothesis of this study was that differences between 
tillage systems, or lack there of, would change during the monitoring season as plots were 
cultivated and rainfall patterns changed. 
Relative changes in drain flows and nitrate-N concentrations before and after summer 
cultivation were similar between the four tillage systems even though no-till and ridge till 
systems were untilled before this time. The only summer cultivation trend was a larger 
concentration decrease under rotation soybean for no-till and ridge till compared to 
moldboard plow and chisel plow for all three years. Moldboard plow systems generally had 
the highest nitrate-N concentrations and the lowest drain flows while no-till systems generally 
had the lowest concentrations and the highest drain flows. Chisel plow system frequently had 
the highest nitrate-N loss since drain flow was higher than moldboard plow and concentrations 
were higher than no-till and ridge till. 
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A high percentage (45 to 85%) of the annual nitrate-N loss through subsurface 
drainage occurred in the spring and fall when crops were not actively growing. These losses, 
however, were not significantly different between tillage systems. Average flow-weighted 
nitrate-N concentrations were high (30 to 80 mg/L) in the spring of 1990 after two years of 
drought, and generally decreased between stages during the study. Slight concentration 
increases occurred between stages when rainfall decreased fi"om above normal to below 
normal, but nitrate-N losses and concentrations did not increase during the stage following 
fertilizer application. 
Total subsurface drain flow was only significantly different between tillage systems 
under continuous corn and these difference did not occur during the late season stage (Sept. 
to Dec.). When significant differences occurred, the no-till system had higher drain flow than 
the moldboard plow system. Tillage significantly affected nitrate-N concentrations in drain 
effluent for seven stages under continuous com, three stages under rotation corn and seven 
stages under rotation soybean. No-till and ridge till systems generally had lower 
concentrations than moldboard plow and chisel plow systems, probably because of greater 
bypass flow, denitrification and immobilization under non-plowed systems. 
Keywords: Subsurface drainage. Nitrate-nitrogen, Tillage, Bypass flow. 
Introduction 
Subsurface drainage is important for agricultural production in the Midwest, but 
nitrate-N concentrations in drain effluent often exceed the 10 mg/L maximum contaminant 
level set by the Environmental Protection Agency for drinking water (Baker et al., 1975; 
Baker and Johnson, 1981; Devitt et al., 1976; Kanwar et al., 1988; Kladivko et al., 1991). 
Drain effluent may increase the nitrate-N concentration of the outlet water body. This may be 
a health problem if the water body is used as a drinking water source. 
Conservation tillage reduces runoff (Baker and Laflen, 1983; Pesant et al., 1987), 
which potentially increases infiltration. Infiltration may also increase on fi-eshly tilled soils. 
Freese et al. (1993) noted that chisel and moldboard plow treatments had lower infiltration 
rates than no-till before spring tillage, but higher infiltration rates shortly after spring tillage. 
Plowing incorporates crop residue, which enhances decomposition and alters microbial 
activity in soil. Generally more organic carbon and nitrogen are found in no-till surface soil 
compared to plowed soil (Blevins et al., 1983; Rice and Smith, 1984). More organic matter, 
nutrients and soil enzymes accumulate near the surface of no-tilled soil compared to 
conventionally tilled soil (Dick et al., 1991). Doran (1980) also measured more aerobic 
microorganisms, facultative anaerobes and denitrifiers in the top 7.5 cm of no-till soil 
compared to plowed soil. However, these differences were reduced or reversed with depth. 
Over the entire soil profile, plowed soil had greater mineralization and nitrification potential, 
while no-till had greater denitrification potential (Doran, 1980). 
Along with incorporating residue, tillage disturbs preferential flow paths near the soil 
surface (Ehlers, 1975). Although macropores account for a small percentage of the total 
horizontal surface area, macropore flow accounts for a large portion of the total vertical flux 
through soil (Dunn and Phillips, 1991; Edwards et al., 1989). Preferential flow is nonuniform 
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and bypasses much of the soil matrix. More bypass water flow has been measured in no-till 
soil compared to moldboard plow (Wu et al., 1995). Singh and Kanwar (1991) also measured 
more inunobile pore-water in no-till soil columns compared to conventionally tilled soil 
columns. Nitrate-N leaching may be decrease as bypass flow increases if percolating water 
bypasses the soil where nitrate-N is located. 
Differences between tilled and untilled soils have an unclear affect on flow and nitrate-
N loss through subsurface drains. Greater infiltration and preferential flow under no-till may 
result in greater drain discharge, while denitrification and immobilization may decrease the 
amount of leachable nitrate-N (Dou et al., 1995). Conversely, uniform flow through tilled soil 
may increase nitrate-N concentration in leachate, but total drainage may decrease. Randall and 
Iragavarapu (1995) measured higher subsurface drain flow under no-till compared to 
conventional tillage, but nitrate-N losses were higher under conventional tillage because of 
higher concentrations. They concluded that tillage systems had minimal impact on nitrate-N 
losses to subsurface drain flow. Guitjens and others (1984) noted that management effects 
could not be separated from the natural effects of soil. 
A three-year study was conducted from 1990 to 1992 to determine the effects of 
conservation tillage and crop rotations on groundwater contamination (Kanwar et al., 1993). 
The purpose of this paper is to use data from Kanwar et al. (1993) to investigate seasonal 
changes in drain flow, nitrate-N concentration and nitrate-N loss in subsurface drainage as 
affected by rainfall and four tillage systems. Seasonal data from different stages of the growing 
season were considered to determine if tillage effects on subsurface drainage changed during 
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the growing season. It was hypothesized that differences between tillage systems would 
change after all plots were cultivated in the summer. Continuous com data were the primary 
focus of discussion because the same crop was grown on the same plots for 13 years prior to 
this three year study, but corn-soybean rotation data were also analyzed. 
Materials and Methods 
Experimental Site 
The study was conducted at Iowa State University's Northeast Research Farm near 
Nashua, Iowa. Soils at the site are Floyd loam (fine-loamy, mixed, mesic Aquic Hapludolls), 
Kenyon loam( fine-loamy, mixed, mesic Typic Hapludolls) and Readlyn loam (fine-loamy, 
mixed, mesic Aquic Hapludolls) (Karlen et al., 1991). These soils are moderately well to 
poorly drained and lie over loamy glacial till. 
Tillage, crop rotation and chemical application practices have been in place since 1977. 
Four tillage systems were used: chisel plow (CP), moldboard plow (MP), ridge till (RT) and 
no-till (NT). Corn-soybean rotation and continuous corn treatments were replicated three 
times in a randomized complete block design on 36, 0.4-ha plots (67 m by 59 m). Both the 
corn (Zt^a mays L.) and soybean [Glycine max (L.) Merr.] phases of the rotation were planted 
each year. 
Tilled plots were plowed in mid-November, except in 1991 when wet weather delayed 
plowing until spring of 1992. All crops were cultivated during the growing season for weed 
control. Crops were planted in 75 cm rows with a six-row planter (150 cm wheel base). Since 
46 
the combine had a 225 cm wheel base, four of every six rows had a wheel track during the 
season. 
Anhydrous ammonia was knifed into the soil on all plots in the spring before secondary 
tillage on CP and MP systems. Continuous com plots received 200 kg/ha nitrogen while 
rotation com plots received 170 kg/ha. An additional 4 kg/ha of nitrogen was applied with the 
planter as starter fertilizer for com. Soybean plots were not fertilized. 
Data Collection and Analysis 
In 1979, subsurface drains were installed in an east-west direction about 1.2 m deep 
through the middle and along the north-south borders of each plot. Border drains isolated 
plots on the north and south sides to reduce chances of cross-contamination between plots. A 
9 m grass strip isolated the plots on the east and west sides. 
Center drain lines were routed to individual meter sumps. Each sump contains a sump 
pump with flow meter. Flow meters were read manually three times per week (typically 
Monday, Wednesday and Friday). Data collection took place from approximately Mid-March 
to the beginning of December. 
Water samples for nitrate-N analysis were collected from the sumps when flow meters 
were read. Samples were only collected when drains were flowing. Water samples Vvrere 
refrigerated until analyzed at the National Soil Tihh Laboratory in Ames, Iowa. 
Nitrate-N loss in drain effluent was calculated for each interval between flow meter 
readings. Subsurface drain flow, nitrate-N loss and flow weighted nitrate-N concentration data 
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were analyzed on a seasonal basis rather than annually or monthly to determine how these 
parameters varied after tillage and fertilizer application. 
Each year was divided into four stages based on field operations. Stage 1 was defined 
as the beginning of the monitoring year before fertilizer application and secondary spring 
tillage occurred. Stage 2 was designated as the period after secondary tillage and fertilizer 
application but before all plots were cultivated in the summer. The main part of the growing 
season was selected as stage 3; from cultivation to September 1 when crops were 
approximately mature. Stage 4 was designated as the end of the monitoring season when crop 
uptake was minimal. Table 1 shows the end dates and duration for each stage during the 
three-year study. Data collection began after fertilizer application in the first year of the study, 
therefore data were not available for stage 1 of 1990. 
Drain flow and nitrate-N concentration ratios were calculated between stages 2 and 3 
to compare flow and concentration changes after plots were cultivated. Drain flow ratios were 
calculated by dividing stage 2 flows by the stage 3 flows. Concentration ratios were similarly 
calculated using stage 2 and 3 nitrate-N concentrations. Ratios greater than one result when 
drain flow or nitrate-N concentration decrease between stages 2 and 3. The hypothesis was 
that more preferential flow paths were open at the soil surface under NT and RT systems 
before summer cultivation compared to after cultivation. Soil surface conditions should be 
similar between all tillage systems after cultivation. Therefore, drain flow and nitrate-N 
concentration ratios should be different for NT and RT compared to MP and CP. 
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Treatment means were compared by analysis of variance for a randomized complete 
block design. Comparisons between drain flow, nitrate-N loss and nitrate-N concentrations 
were made for each seasonal stage. 
Results and Discussion 
Rainfall varied from above normal to below normal during the study. The first three 
stages of 1990 had above normal rainfall, and consequently the annual total was 330 mm 
above normal. Rainfall was above normal during stages 1 and 2 of 1991, but it was below 
normal during stages 3 and 4. Stages 1 and 2 of 1992 had below normal rainfall, while rainfall 
was approximately normal during stage 3 and above normal during stage 4 (Table 2). 
Subsurface drains did not flow during 1988 and 1989 because of severe drought. Low 
rainfall in these years combined with above normal rainfall in 1990 resulted in nitrate-N losses 
of 30 to 105 kg/ha and annual flow-weighted nitrate-N concentrations of 20 to 65 mg/L in 
drain effluent during 1990. Similar results were found by Randall and Iragavarapu (1995) in a 
southeastern Minnesota study. Annual flow-weighted nitrate-N concentrations decreased in 
1991 and 1992, but still exceeded 10 mg/L for most treatments. 
No-till continuous corn had lower yields than the other tillage systems for all three 
years. Com yields for a given tillage system were also lower for continuous corn compared to 
rotation com, except for the MP system in 1990. Crop yields for rotation corn and soybean 
were similar between all tillage systems during this study (Table 3). 
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Tillage Effects on Seasonal Changes in Subsurface Drainage 
Spring tillage and summer cultivation did not noticeably alter subsurface drainage. NT 
systems usually had the highest drain flows and lowest nitrate-N concentrations, while MP 
systems usually had the lowest flows and highest concentrations, regardless of seasonal stage. 
CP rotation com and rotation soybean were exceptions. These CP plots had the highest drain 
flow and nitrate-N concentration for several stages (Tables 4, 5 and 6). 
Drain flow was significantly different between tillage systems only under continuous 
com, but never during stage 4. Differences occurred during stage 2 of 1990; stages 1, 2 and 3 
of 1991 and stage 3 of 1992 (Table 4). When significant differences occurred, NT always had 
higher drain flow than MP. CP had similar or higher drain flows than MP. Drain flow from RT 
was usually greater than MP and similar to NT. 
Tillage significantly affected nitrate-N concentrations in drain effluent. As with drain 
flow, these differences did not change throughout the year. MP had higher concentrations 
than NT and RT under continuous com for seven of the 11 stages during this study (Table 4). 
MP also had higher concentrations than RT and NT for two stages under rotation corn and 
seven stages under rotation soybean (Tables 5 and 6). Significant concentration differences 
occurred more often during stages 1 and 2 than stages 3 and 4 under continuous corn. In 
rotation plots, significant differences usually occurred during stages 2 and 3. 
Drain flow and nitrate-N concentration ratios for NT and RT systems were not 
significantly different from those for MP or CP systems (Table 7). For 1990, concentration 
ratios for NT and RT were equal to or higher than ratios for MP and CP treatments. This 
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means nitrate-N concentrations from NT and RT systems decreased by similar or greater 
amounts between stages 2 and 3 than MP and CP. Drain flow ratios were higher for NT and 
RT under continuous com and rotation com because drain flow increased less than MP and 
CP systems. 
These trends did not continue in 1991 and 1992. The only trend that continued for all 
three years was higher nitrate-N concentration ratios for NT and RT under soybean rotation. 
Concentration ratios were higher because nitrate-N concentrations decreased more for NT 
and RT systems than for MP and CP systems. Drain flow ratios were variable between tillage 
systems for rotation soybean, indicating that concentration changes were not the result of 
drain flow changes. Since these differences were not significant, trends may have been the 
result of random error rather than cultivation. Lack of significant differences in concentration 
and flow ratios indicated that summer cultivation did not affect previously untilled NT and RT 
plots differently than MP and CP plots. 
Rainfall Effects on Seasonal Changes in Subsurface Drainage 
Flow-weighted nitrate-N concentrations in drain effluent from continuous corn were 
very high in 1990 and generally decreased between stages throughout the study (Figure 1). 
Average concentrations from the four tillage systems under continuous corn ranged from 25 
to 90 mg/L for stage 2 of 1990 and decreased to 10 to 15 mg/L by stage 4 of 1992 (Figure 1). 
Drains did not flow during 1988 and 1989, and soil nitrate-N concentrations were high in the 
spring of 1990, especially for treatments that were planted to corn in 1989 (Weed and 
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Kanwar, in press). Above normal rainfall during stages 1, 2 and 3 of 1990 caused high drain 
flow rates and consequently high nitrate-N loss in drain effluent. 
Fertilizer application did not cause a noticeable concentration increase between stages 
1 and 2. Concentration changes between these stages were not known for 1990 because data 
collection did not begin until stage 2. Concentrations decreased between stages 1 and 2 of 
1991 and slightly increased between these stages of 1992 (Table 4). More than two times the 
normal rainfall amount occurred during stage 2 of 1991, possibly diluting nitrate-N in drain 
effluent. The concentration increase between stages 1 and 2 of 1992 may have resulted from 
below normal rainfall during stage 2, which may have concentrated nitrate-N in drain effluent. 
The only other concentration increase between stages for continuous com occurred between 
stages 2 and 3 of 1991, when rainfall changed from above normal to 30% below normal. 
Average nitrate-N concentrations under rotation com followed similar trends as 
continuous com except concentrations remained essentially constant between stages 1 and 2 
of 1991 (Table 5). If above normal rainfall during stage 2 diluted concentrations in drain 
effluent under continuous corn, then less dilution must have taken place under rotation corn, 
since concentrations did not decrease for three of the four tillage systems. Less dilution may 
have taken place because less preferential flow occurred under corn following soybean 
compared to corn following corn. 
Flow weighted nitrate-N concentrations under rotation soybean decreased between 
stages 1 and 2 of 1991 (Table 6), similar to continuous corn (Table 4). Since concentrations 
did not decrease between these stages for rotation corn, the previous crop may have 
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influenced the concentration change. Both continuous corn and rotation soybean had higher 
drain flow volumes during stages 1 and 2 of 1991 compared to rotation corn. If the nitrate-N 
in drain effluent under continuous com and rotation soybean was diluted by preferential flow, 
then more preferential flow must have occurred under these rotations compared to corn 
following soybean. At the same time, mineralization under com following soybean may have 
released more nitrate-N than on the other rotations. 
Under rotation soybean, nitrate-N concentrations decreased during 1990, but were 
variable during 1991 and 1992 (Table 6). Concentrations increased slightly for most soybean 
plots between stages 1 and 2 of 1992. Since soybeans were not fertilized, the concentration 
increase resulted from something other than applied nitrogen. As stated previously, below 
normal rainfall during stage 2 of 1992 may have concentrated nitrate-N in drain effluent. 
Conditions may have also been favorable for mineralization during May and June of 1992, 
potentially increasing the amount of nitrate-N available for leaching. Since concentrations 
increased under all crop and tillage systems during this period, the cause seems to be related 
to weather not management. 
Nitrate-N loss through subsurface drains from continuous corn treatments had similar 
trends as drain flow throughout the three-year study (Figures 2 and 3). The similarities 
between Figures 2 and 3 indicate that the mass of nitrate-N lost through subsurface drainage 
depends mainly on the volume of water drained, not the concentration. Previous studies have 
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also concluded that nitrate-N loss through subsurface drains depends mainly on the quantity of 
drain flow (Bolton et al., 1970; Devitt et al., 1976). 
The highest average drainage rates occurred during stage 3 of 1990 and stage 2 of 
1991 when rainfall was above normal (Figure 2 and Table 2). Average nitrate-N loss during 
these stages was greater than 0.5 kg/ha/day for continuous com (Figure 3). When rainfall was 
normal to below normal during 1992, drain flow and nitrate-N loss changed with 
evapotranspiration and crop uptake. The lowest average drain flow rates, and consequently 
lowest nitrate-N loss rates, occurred in 1992 during stages 2 and 3 when evapotranspiration 
and crop uptake were highest (Figures 2 and 3). Higher average drain flow rates occurred 
during stages 1 and 4 of 1992. when crops were not actively growing. 
Seasonal drainage data showed that a large portion of the annual nitrate-N loss in 
drain effluent occurred before fertilizer was applied (Tables 4, 5 and 6). For 1991 and 1992, 
35 to 60% of annual nitrate-N loss occurred before fertilizer application. If stage 1, 1990 data 
were available, annual nitrate-N losses for that year may have increased by 20 to 50 kg/ha, 
based on 1991 and 1992 data. Furthermore, 50 to 85% of annual drain flow and 45 to 85% of 
annual nitrate-N loss during 1991 and 1992 occurred during stages 1 and 4, when crops were 
not actively growing. Milburn and Richards (1994) similarly found that 85% of annual drain 
flow and 70% of annual nitrate-N loss occurred when crops were not actively growing. These 
high nitrate-N losses early and late in the season demonstrate that nitrogen fertilizer was not 
the only source of nitrate-N loss in subsurface drainage. Fertilizer was only applied once per 
year, but mineralization continued throughout the year. 
Relationship Between Drain Flow and Nitrate-N Loss 
Since drain flow, nitrate-N loss and nitrate-N concentrations are all related, a 
convenient method for viewing these data is plotting cumulative drain flow against cumulative 
nitrate-N loss. The slope from a linear regression of data for an experimental plot is analogous 
to the flow-weighted concentration for that plot. 
The relationship between drain flow and nitrate-N loss was essentially linear for a 
seasonal stage, showing that nitrate-N concentrations were relatively constant over a stage. 
Graphs of MP and NT continuous corn data for 1990, 1991 and 1992 were included as an 
examples (Figures 4, 5 and 6). Linear regressions of drain flow and nitrate-N loss data for 
individual plots had coefficients of determination greater than 0.9. Linear regression analysis 
was also used on stage data from the three replications of a tillage system within a crop 
rotation (with y-intercept = 0). Coefficients of determination exceeded 0.90 for 36 of the 44 
regressions. Five of the eight coefficients that did not exceed 0.90 were RT or NT systems. 
Differences in slopes for tillage systems, compared by t-tests, were highly significant (p=0.01) 
for all stages, crops and years (Table 8). Regression equations, however, changed each year as 
nitrate-N concentrations changed and therefore were not predictive. Plotting drain flow 
against nitrate-N loss was merely a method for viewing and comparing data. 
Under continuous corn, MP had significantly higher slopes than other tillage systems 
for all 11 stages of the study. MP also had significantly higher slopes than other tillage systems 
for six stages under rotation corn and eight stages under rotation soybean. NT and RT had 
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significantly lower slopes than MP and CP for all stages under continuous com, nine stages 
under rotation com and 10 stages under rotation soybean (Table 8). 
Higher slopes for MP systems indicate more nitrate-N was lost for every unit of water 
draining from the plot. Figures 4, 5 and 6 show that tillage had a definite effect on nitrate-N 
concentration of drain effluent. Concentration differences between tillage systems did not 
seem to be the result of simple dilution. Experimental plots with the highest nitrate-N 
concentrations had the lowest drain flow for only three stages. Plots with the lowest drain 
flow had the lowest concentration for six stages. The differences in concentrations may have 
been caused by variations in nitrogen transformations and preferential flow. Preferential flow 
tends to start near the soil surface in NT systems but below the tilled layer under conventional 
tillage (Andreini and Steenhuis, 1990; Steenhuis et al., 1990). Water flowing uniformly 
through tilled soil has a greater chance of leaching nitrate-N than water bypassing surface soil 
by preferential flow. More nitrogen may also have been immobilized as organic nitrogen 
(Kitur et al., 1984; Rice and Smith, 1984) or denitrified (Doran, 1980; Rice and Smith, 1982) 
under NT and RT. 
Conclusions 
A large percentage (35 to 60%) of the annual nitrate-N loss in drain effluent occurred 
before fertilizer application in the spring. In addition, 50 to 85% of the annual drain flow and 
45 to 85% of the annual nitrate-N loss occurred when crops were not actively growing. These 
losses were not significantly different between tillage systems. Cover crops or other nitrogen 
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management practices should be considered for future study to attempt to reduce the early 
and late season nitrogen losses. Also, controlled drainage may be able to reduce the amount of 
nitrate-N lost through subsurface drains when crops are not actively growing. 
High nitrate-N losses in subsurface drainage prior to fertilizer application demonstrate 
the importance of considering the entire nitrogen cycle. Seasonal changes in nitrate-N 
concentrations can be explained by changes in rainfall and drain flow, but this is only part of 
the picture. Inorganic nitrogen is released in the soil throughout the year by mineralization, 
not just when fertilizer is applied. 
Differences between tillage systems changed little during the growing season. NT 
systems usually had the highest drain flows and lowest nitrate-N concentrations while MP 
systems generally had the lowest drain flows and highest nitrate-N concentrations. CP systems 
frequently had the highest nitrate-N loss since drain flow was higher than MP and 
concentrations were higher than NTand RT. NT and RT systems did not increase the mass of 
nitrate-N lost through subsurface drains but did decrease nitrate-N concentrations drain 
effluent compared to MP and CP systems. 
Tillage effects on subsurface drainage did not change after summer cultivation, even 
though NT and RT systems had not been tilled before this time. Relative changes in drain flow 
and nitrate-N concentration between stages 2 and 3 were similar between all tillage treatments 
under continuous and rotation corn. Nitrate-N concentrations decreased more between these 
stages for NT and RT systems under rotation soybean compared to MP and CP for all three 
years of the study, but the differences were not significant. Lack of significant differences in 
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concentration and flow ratios indicated that summer cultivation did not affect previously 
untilled NT and RT plots differently than MP and CP plots. 
Nitrate-N loss in subsurface drainage was influenced mainly by drain flow, not nitrate-
N concentration. Nitrate-N loss increased and decreased between stages similar to drain flow 
regardless of nitrate-N concentration changes. Drain effluent concentrations increased 
between stages when rainfall decreased from above normal to below normal. 
Nitrate-N concentrations decreased between stages 1 and 2 of 1991 for continuous 
com and rotation soybean, but not for rotation com. Lower mineralization and higher 
preferential flow for com or soybean following com compared to corn following soybean may 
have caused the concentration decrease. 
Although weather influenced drain flow and nitrate-N loss, tillage affected nitrate-N 
concentration in drain effluent, as illustrated by drain flow versus nitrate-N loss graphs. MP 
and CP always had higher slopes than RT and NT. Lower concentrations probably resulted 
from greater bypass flow, denitriflcation and immobilization under NT and RT systems, not 
dilution from higher drain flow. 
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Table 1. End date and duration (days) of seasonal stages. 
Field 1990 1991 1992 
Stage Operation Date Duration Date Duration Date Duration 
1 apply fertilizer April 30 O' May 13 66 May 01 56 
2 cultivate July 02 50' June 20 38 June 03 33 
3 approx. maturity Sept. 01 61 Sept. 01 73 Sept. 01 90 
4 end of sampling Nov. 29 89 Dec. 04 94 Dec. 11 101 
' Data collection began May 10, 1990. 
Table 2. Actual and normal rainfall by seasonal stage. 
Rainfall, mm 
1990 1991 1992 
Staae Actual Normal' Actual Normal' Actual Normal' 
1 195^ 123^ 241 165 115 128 
2 284 227 309 133 53 111 
3 535 202 184 254 304 315 
4 127 206 158 212 269 219 
total" 1141 758 892 764 741 773 
' 50-yr mean. 
"Assumed monitoring season began March 10 although data collection did not 
begin until May 10. 
"'Monitoring season total not yearly total. 
Table 3. Corn and soybean yields for 1990 to 1992'. 
Chisel Plow Moldboard Plow Ridge Till No-till 
Continuous Corn (Ma/ha) (Me/ha) (Ma/ha) (Ma/ha) 
1990 11.2 11.5 10.3 9,5 
1991 9.0 9.7 8.2 7,6 
1992 8.5 8.8 8.7 8.4 
Rotation Com 
1990 11.2 11.1 11.0 11,3 
1991 10.0 9.8 9.5 9,0 
1992 9.6 9.2 9.3 9,3 
Rotation Sovbean 
1990 3.7 3.5 3.6 3.6 
1991 3.4 3.4 2.9 J . J  
1992 3.6 3.7 3.5 J.J 
'Adapted from Kanwar et al. (1993). 
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Table 4. Drain flows, nitrate-N losses and nitrate-N concentrations for continuous corn. 
1990 1991 1992 
Drain Nitrate-N Drain Nitrate-N Drain Nitrate-N 
Flow Loss Cone. Flow Loss Cone. Flow Loss Cone. 
(mm') fkg/ha') (mg/L) (mm') fkg/ha') (mg/L'> ("mm) (kg/ha) (me/L") 
Stage 1 
CP 123 ab 38 31 b 48 8 16 a 
MP 93 b 35 38 a 46 9 19 a 
RT 167 a 36 22 c 59 7 11 b 
NT 167 a 34 21 c 57 8 12 b 
Stage 2 
CP 66 ab 45 67 b 125 a 33 27 b 15 2 17 a 
MP 17b 15 86 a 71 b 23 32 a 11 2 19 a 
RT 72 a 39 58 be 135 a 27 20 c 8 1 12b 
NT 114 a 55 49 c 127 a 23 18 c 22 -> -) 13 b 
Stage 3 
CP 103 48 47 b 16 a 4 27 21 ab 3 14 
MP 64 38 59 a 9c 3 32 11 b 2 14 
RT 108 41 38 c 13 b 3 23 7b 1 9 
NT 136 46 33 d 18 a 4 19 35 a 4 11 
Stage 4 
CP 14 6 44 a 8 1 11 44 6 13 
MP 9 5 54 a 10 2 12 42 6 13 
RT 11 3 27 b 11 1 11 30 J 9 
NT 23 6 26 b 24 2 9 64 6 10 
Annual 
CP 183 b 100 54 b 272 a 76 28 b 128 19 15 
MP 90 c 58 64 a 185 b 63 34 a 1 1 1  19 16 
RT 191 ab 83 44 c 326 a 68 21 c 104 11 11 
NT 275 a 107 39 c 336 a 63 1 9 c  178 20 11 
Different letters designate significant differences between tillage system averages for a stage 
or year (p=0.05). 
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Table 5. Drain flows, nitrate-N losses and nitrate-N concentrations for rotation com. 
1990 1991 1992 
Drain Nitrate-N Drain Nitrate-N Drain Nitrate-N 
Flow Loss Cone. Flow Loss Cone. Flow Loss Cone. 
(mm) fke/ha) fma/L) (mm) (ka/ha) (ma/L) (mm) (ke/ha) (ma/L) 
Stage 1 
CP 91 19 21 53 6 12 
MP 76 18 23 31 4 13 
RT 75 14 18 38 4 11 
NT 78 14 17 29 3 10 
Stage 2 
CP 66 24 39 77 16 21 17 2 13 ab 
MP 41 15 39 60 15 22 11 2 15 a 
RT 49 16 31 69 13 18 12 2 12 b 
NT 62 21 34 82 14 17 6 1 12 b 
Stage 3 
CP 104 24 24 a 6 1 21 24 2 10 a 
MP 77 18 24 a 6 2 24 15 2 12 a 
RT 74 13 1 9 b  9 2 22 25 2 10 a 
NT 91 15 1 6 b  10 2 19 1 0 6 b 
Stage 4 
CP 23 4 14 j 0 10 72 6 8 
MP 28 5 18 8 1 10 40 3 8 
RT 19 2 12 7 1 9 56 4 8 
NT 4 1 10 9 1 7 23 0 6 
Annual 
CP 193 52 28 177 37 21 165 17 10 
MP 145 38 27 150 36 22 97 10 11 
RT 143 30 22 160 30 18 1 3 1  12 10 
NT 158 37 23 179 31 17 59 5 8 
Different letters designate significant differences between tillage system averages for a stage 
or year (p=0.05). 
64 
Table 6. Drain flows, nitrate-N losses and nitrate-N concentrations for rotation soybean. 
1990 1991 1992 
Drain Nitrate-N Drain Nitrate-N Drain Nitrate-N 
Flow Loss Cone. Flow Loss Cone. Flow Loss Cone. 
(mm) fke/ha) Cme/L) (mm) fks/ha') fme/L") fmm) fke/ha) (me/L) 
Stage 1 
CP 155 26 1 6 a  28 4 13 
MP 141 24 17 a 30 4 12 
RT 1 5 1  19 13 b 41 5 11 
NT 146 18 12 b 23 2 9 
Stage 2 
CP 48 22 44 a 132 18 a 13 a 6 1 14 
MP 35 17 48 a 98 14 b 14 a 11 2 13 
RT 52 17 33 b 108 1 2 b  l i b  10 1 12 
NT 59 19 32 b 125 13 b 1 0 b  6 1 10 
Stage 3 
CP 96 27 28 a 19 2 13 a 2 0 13 a 
MP 60 21 31 a 17 2 15 a 2 0 12 b 
RT 74 15 1 9 b  12 1 1 0 b  11 1 1 0 c  
NT 99 17 1 7 b  12 1 10 b 6 1 8 c 
Stage 4 
CP 12 3 23 a 13 1 8 33 3 10 
MP 11 3 22 a 14 1 10 37 5 12 
RT 12 2 1 2 b  5 0 10 27 n j 10 
NT 11 2 12 b 4 0 9 13 1 9 
Annual 
CP 1 5 7  51 33 b 3 1 8  46 15 a 70 8 12 
MP 107 41 37 a 270 42 15 a 80 12 12 
RT 138 34 24 c 276 32 1 2 b  89 10 11 
NT 169 37 22 c 287 32 l i b  48 5 9 
Different letters designate significant differences between tillage system averages for a stage 
or year (p=0.05). 
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Table 7. Drain flow and nitrate-N concentration ratios' between stages 2 and 3. 
Continuous Com Rotation Com Rotation Soybean 
Drain Flow NO3-N Drain Flow NO3-N Drain Flow NO3-N 
1990 Ratio Ratio Ratio Ratio Ratio Ratio 
CP 0.6 1.4 0.6 1.6 0.6 1 . 6  
MP 0.3 1 . 5  0.5 1 . 6  1.3 1 . 6  
RT 0.7 1 . 5  0.9 1 . 7  0.8 1 . 8  
NT 0.9 1 . 5  0.7 2 . 1  0.6 1 . 9  
1991 
CP 7.9 1 . 0  12.3 1 . 0  10.8 1 . 0  
MP 7 . 7  1 . 0  122.5 0.9 6.6 1 . 0  
RT 10.4 0.9 9.6 0.8 1 1 . 1  1 . 1  
NT 7 . 1  0,9 9 . 1  0.9 10.4 1 . 1  
1992 
CP 0.7 1 . 2  0.7 1 . 4  2 1 . 0  1 . 0  
MP 0.8 1 . 4  0.7 1 . 2  4.4 1 . 1  
RT 1 . 5  1 . 3  0.7 1 . 2  0.7 1 . 2  
NT 0.9 1 . 2  5 8 . 8  2 . 1  1 . 5  1 . 3  
' Ratios calculated by dividing stage 2 values by stage 3 values. Ratios greater than one 
indicate decreasing values between stages 2 and 3. 
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Table 8. Slopes from drain flow - nitrate-N loss regressions. 
Continuous Com Rotation Com Rotation Soybean 
1990 1 9 9 1  1992 1990 1991 1992 1990 1991 1992 
Stage 1 
CP 31 b 15 b 20 b 12 a 17 a 14 b 
MP 39 a 20 a 24 a 12 a 1 7 a  1 6 a  
RT 22 c 12 d 1 8 c  l i b  13 b 12 c 
NT 20 d 12 c 16 d 10 b 13 b l O d  
Stage 2 
CP 72 b 26 b 15 b 34 a 20 b 13 b 45 b 14 b 14 b 
MP 93 a 33 a 21 a 37 a 26 a 14 a 50 a 14 a 16 a 
RT 55 c 20 c 12 d 31 b 19 c 12 c 32 c 1 1 c  13 c 
NT 46 d 18 d 13 c 35 a 1 7 d  11 d 32 c 11 c 11 d 
Stage 3 
CP 49 b 27 b 1 5 b  25 b 21 c 10 b 3 1 b  13 b 15 a 
MP 62 a 33 a 17 a 27 a 27 a 12 a 38 a 15 a 1 2 b  
RT 43 c 21 c 8d 1 9 c  22 b 1 0 b  26 c 10 c 1 1 c  
NT 38 d 19 d 11 c 1 9 c  20 d 9b 20 d 1 0 c  9d 
Stage 4. 
CP 47 b 1 6 b  12 b 1 7 a  13 a 8b 24 b 10 a 1 0 c  
MP 60 a 18 a 14 a 1 6 b  13 a 7c 29 a 1 0 a  14 a 
RT 27 c 13 c 9d 11 c 1 0 b  8 a 1 6 c  8b 11 b 
NT 25 d 13 c 1 0 c  l O d  9 c 6 d 13 d 7c 1 0 c  
Different letters designate significant differences between tillage systems for a stage or year 
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Figure 2. Average drain flow rate by stage for continuous corn. 
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Figure 6. Cumulative nitrate-N loss vs. cunuilative drain flow by stage from NT and MP continuous corn plots for 1992. 
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MANURE, SINGLE NITROGEN AND SPLIT NITROGEN 
APPLICATION EFFECTS ON NITRATE-N LOSS 
IN SUBSURFACE DRAINAGE 
A paper to be submitted to the Journal of Environmental Quality 
Dave Bjomeberg, Ramesh Kanwar, Stewart Melvin, Doug Karlen, Cindy Cambardella 
Abstract 
The effects of three nitrogen treatments on subsurface drainage were evaluated on 36, 
0.4-ha plots in northeast Iowa. Fall liquid swine manure, single spring fertilizer and split 
fertilizer applications were evaluated by comparing nitrate-N concentration changes during the 
monitoring season and seasonal differences in nitrate-N losses and concentrations. The three 
nitrogen treatments were applied to no-till and chisel plow systems under corn-soybean 
rotation on 30 plots. The six remaining plots were chisel plow continuous corn systems with 
either fall manure or single spring fertilizer applications. 
Carry-over effects from previous crop and tillage treatments affected drain flow and 
consequently nitrate-N loss in 1993. Drain flow and nitrate-N loss were higher from one no-
till and one chisel plow rotation corn system, which had previously been under continuous 
corn, compared to other rotation corn systems, which had previously been rotated with 
soybean. The continuous corn effects continued through 1995 on the no-till system. Nitrate-N 
concentrations in subsurface drainage were also noticeably higher from a system that was 
planted to soybean in 1992 and 1993 compared to soybean systems following corn. 
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The two continuous com systems had higher nitrate-N losses and lower yields than 
comparable rotation com systems. Single and split fertilizer application treatments had similar 
com yields and nitrate-N losses, although 30 to 70% more nitrogen was applied on the split 
application treatments. 
Difficulties applying manure at desired nitrogen rates affected com yield and nitrate-N 
loss in subsurface drainage. Com yields were low in 1993 after low manure application rates 
and a very wet growing season. Application rates were two to four times greater than target 
rates in November 1993 and 1994. Com yields increased when application rates increased, but 
so did nitrate-N losses and concentrations. A better manure management practice may be to 
apply manure to partially supply crop nitrogen needs and then add fertilizer as necessary 
according to a late spring soil nitrate test. 
Keywords: Subsurface drainage. Swine manure. Split fertilizer application, Nitrate-N loss. 
Introduction 
Many studies have documented nitrate-N concentrations exceeding 10 mg/L in 
subsurface drain effluent from cropland (Baker et al., 1975; Drury et al., 1993; Kladivko et al., 
1991, Milburn et al., 1990). The mass of nitrate-N lost in drain effluent tends to increase as 
fertilization rates increase (Angle et al., 1993; Baker and Johnson, 1981; Bergstrom and 
Brink, 1986). Losses often exceeded 30 kg/ha/yr when fertilizer was applied in excess of crop 
needs (Logan et al., 1980). Bergstrom and Brink (1986) and Gast et al. (1978) measured 
annual nitrate-N losses of 91 kg/ha and 120 kg/ha from 200 kg N/ha and 448 kg N/ha 
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application rates, respectively. With lower application rates (<100 kg N/ha), Milburn and 
Richards (1994) measured nitrate-N losses of 10 to 30 kg/ha and annual flow-weighted 
nitrate-N concentrations of 2 to 5 mg/L. 
Although nitrate-N loss in drain effluent tends to increase with nitrogen fertilization 
rate, Chichester and Smith (1978) found that applied nitrogen accounted for only 25% of 
nitrate-N leached from lysimeters. Mineralized nitrogen accounts for a large percentage of 
nitrogen leached from soil or used by crops. Less than 50% of fertilizer nitrogen is typically 
recovered by com grain (Timmons and Cruse, 1990). Com may use three to six times more 
soil nitrogen than fertilizer nitrogen (Reddy and Reddy, 1993). 
Nitrate-N loss through subsurface drains depends primarily on the volume of water 
drained (Bolton et al., 1970; Devitt et al., 1976). Other than controlled drainage, little can be 
done to alter drainage volume. A more cost effective method of reducing nitrate-N loss may 
be nitrogen management. Ideally, nitrogen should be managed so nitrogen release and crop 
uptake are synchronized. 
Splitting fertilizer applications is one strategy for reducing the amount of nitrate-N in 
the soil at a given time. Four smaller fertilizer applications throughout the growing season on 
a sandy soil resulted in lower nitrate-N concentrations in soil solution and a shallow aquifer 
than a single spring application (Gerwing et al., 1979). Split fertilizer applications may also 
reduce nitrate-N loss through subsurface drains (Kanwar et al., 1988), lower residual soil 
nitrate-N (Varshney et al., 1993) and increase nitrogen use efficiency by corn (Fox et al., 
1986). Nitrogen fertilizer split applied with a point injector was also shown to increase 
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nitrogen use efficiently by no-till com compared to knifed-in or surface-banded single, spring 
applications (Timmons and Baker, 1992). 
Another strategy for potentially reducing nitrate-N leaching losses is applying manure. 
Greater downward movement of nitrate-N in soil has been documented under commercial 
fertilizer applications compared to manure applications (Comfort et al., 1987; Sutton et al., 
1978). Higher nitrate-N concentrations in soil water have also been found with inorganic 
fertilizer compared to annual and biennial manure applications (Joshi et al., 1994). However, 
nitrate-N may be released when crops are not growing since organic nitrogen is mineralized 
throughout the year (McCormick et al., 1984). Also, higher soil nitrate-N concentrations have 
be measured with high manure application rates compared to fertilizer (Evans et al., 1977). 
The purpose of this study was to evaluate the effects of different nitrogen management 
systems on the quality of subsurface drainage from two tillage systems (no-till and chisel 
plow) and two crop rotations (continuous com and corn-soybean rotation). Management 
systems were evaluated by comparing changes in nitrate-N concentrations of the drain effluent 
during the monitoring season. Seasonal differences in drain flow, nitrate-N concentrations and 
nitrate-N losses were also compared. For this study, nitrate-N loss refers only to the mass of 
nitrate-N lost through subsurface drains. Volatilization, immobilization, denitrification and 
crop uptake were not quantified. Also note that "corn rotation" and "soybean rotation" refer 
to the corn and soybean phases of the com-soybean rotation, respectively. 
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Materials and Methods 
Experimental Site 
The study was conducted at Iowa State University's Northeast Research Farm near 
Nashua, Iowa. Soils at the site are Floyd loam (fine-loamy, mixed, mesic Aquic Hapludolls), 
Kenyon loam( fine-loamy, mixed, mesic Typic Hapludolls) and Readlyn loam (fine-loamy, 
mixed, mesic Aquic Hapludolls) (Karlen et al., 1991). These soils are moderately well to 
poorly drained and lie over loamy glacial till. 
The research site consisted of 36, 0.4 ha plots. In 1979, subsurface drains were 
installed at 29 m spacings, approximately 1.2 m deep. Each 58 by 67 m plot has a drain 
through the center and along the north-south borders. Center drains were routed to sumps for 
monitoring while border drains isolated plots on the north and south sides. A 9 m grass strip 
also isolated the plots on the east and west sides.(Figure 1) 
Before 1993, treatments were arranged in a split-plot randomized complete block 
design with four tillage systems (chisel plow, moldboard plow, ridge till and no-till) and two 
crop rotations (continuous corn and corn-soybean rotation). Corn plots received a single 
spring fertilizer application of 170 kg N/ha when rotated with soybean and 200 kg N/ha when 
grown continuously. Data from the 1990-1992 study has been reported by Kanwar et al. 
(1993) and Weed and Kanwar (in press). 
Beginning in 1993, tillage practices were reduced to chisel plow and no-till. Fertilizer 
management was changed to single spring fertilizer application, spring-summer split fertilizer 
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application and fall manure application. The following seven farming systems were used from 
1993 to 1995. 
1. No-till, corn-soybean rotation with 30 kg N/ha fertilizer applied with the 
com planter and additional nitrogen applied as necessary based on a late 
spring soil nitrate test (NT-LSNT). 
2. No-till, corn-soybean rotation with a single 110 kg N/ha fertilizer 
application in the spring before com was planted (NT-Single). 
3. Chisel plow, com-soybean rotation with 30 kg N/ha fertilizer applied with 
the corn planter and additional nitrogen applied as necessary based on a late 
spring soil nitrate test (CP-LSNT). 
4. Chisel plow, com-soybean rotation with a single 110 kg N/ha fertilizer 
application in the spring before com was planted (CP-Single). 
5. Chisel plow, corn-soybean rotation with liquid swine manure applied in the 
fall before the corn phase at a target rate of 110 kg N/ha (CP-Manure). 
6. Chisel plow, continuous corn with fall application of liquid swine manure at 
a target rate of 135 kg N/ha (CC-Manure). 
7. Chisel plow, continuous corn with a single 135 kg N/ha fertilizer application 
in the spring before corn was planted (CC-Single). 
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Each system was replicated three times. Since both com and soybean phases of the 
corn-soybean rotation were planted each year, systems 1, 2, 3, 4 and 5 required 30 plots. The 
six remaining plots were continuous com. 
Plots were not randomly assigned treatments when farming systems were changed. 
Treatments were assigned based on previous farming practices to reduce the transition time 
between farming systems, especially the no-till and continuous com systems. Each farming 
system was represented in a block of 12 plots, but the systems were not randomized within the 
blocks. Table 1 lists the current farming systems along with the previous crop and tillage 
systems. 
Com stover on systems 3, 4, 5, 6 and 7 was chisel plowed in the fall after liquid swine 
manure was applied to systems 5 and 6. These plots were field cultivated after spring fertilizer 
applications on systems 4 and 7 and before planting com or soybeans. No-till plots were not 
tilled before planting, but all com plots were cultivated once during the summer for weed 
control. Both chisel plow and no-till soybean treatments were planted with a no-till drill, so 
those plots were not cultivated during the summer. 
Nitrogen Management 
Only com plots were fertilized during this study. Urea was applied with the planter at 
30 kg N/ha for LSNT treatments (systems 1 and 3). Liquid urea-ammonium nitrate (UAN) 
was applied with a spoke injector (Baker et al., 1989) for single spring and summer sidedress 
applications. The applicator injects liquid fertilizer at approximately 20 cm intervals, 25 cm 
from com rows. Liquid swine manure was surface applied in November of 1992 but injected 
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in November of 1993 and 1994. Plots were chisel plowed within one week after liquid swine 
manure application. 
The amount of sidedress nitrogen applied on LSNT treatments was determined by a 
late spring soil nitrate test (Blackmer et al., 1989). Three 30-cm soil samples were taken from 
each plot when com was between the 15 and 30 cm tall. Nitrogen fertilizer was added, if 
needed, to increase soil nitrate-N in the top 30 cm to 25 ppm. The amount of nitrogen added 
ranged from 50 to 170 kg N/ha (Table 2). The no-till system typically required more nitrogen 
than the chisel plow system. 
Swine manure was obtained from a manure pit under a growing/finishing building. 
Applying proper amounts of swine manure to reach target nitrogen levels was difficult. Fall 
1992 application rates of 32.7 mVha for CP-Manure and 37.4 m7ha CC-Manure were based 
on published nutrient values of swine manure and assuming all ammonia and 50% of the 
organic nitrogen would be available for crop use the first year. Analysis of applied manure 
indicated that only 82 and 84 kg N/ha were applied when target values were 110 and 135 kg 
N/ha. Manure application in the fall of 1993 was increased to 74.8 mVha for CP-Manure and 
79.5 m7ha for CC-Manure based on manure samples collected from an agitated manure pit 
approximately one month prior to application. However, analysis of applied manure showed 
that application rates were two to three times greater than target levels. Manure application 
rates in the fall 1994 were based on average nutrient values of manure applied the two 
previous years. Unfortunately application rates were 300 to 500 kg N/ha, primarily because 
ammonia concentrations in the manure were extremely high at 5000 to 7000 mg/L. 
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Data Collection and Analysis 
Center drain lines were routed to individual meter sumps. Each sump contained a 
sump pump with flow meter. Flow meters were read manually three times per week during 
1993 and until mid-June 1994. Meters were read twice per week beginning mid-June 1994 
and during 1995 (typically Monday and Friday). Data collection took place from 
approximately Mid-March to the beginning of December. 
Water samples for nitrate-N analysis were collected from the sumps when flow meters 
were read during 1993 and the beginning of 1994. Sampling frequency was reduced in mid-
June 1994 to reduce analytical expenses. A small percentage of water discharged by the sump 
pump (approximately 0.02%) was collected through an orifice tube on the sump discharge line 
for nitrate-N analysis for the remainder of 1994 and all of 1995. Sample bottles were removed 
every Friday during the monitoring year. From com planting until July 31, samples were 
analyzed weekly. Weekly samples were composited to monthly samples before corn was 
planted (i.e. March and April) and afler July 31 (i.e. August, September, October and 
November). The 1 L sample bottles occasionally overflowed during high drain flow periods. 
Representative samples should have still been obtained as water mixed in the sample bottle 
when it overflowed. 
Since nitrogen was applied at different rates and times for the three difference 
management systems, each year was divided into four stages for comparing seasonal 
differences in the quality and quantity of subsurface drainage. Total drain flow, total nitrate-N 
loss and flow-weighted nitrate-N concentration were calculated for each seasonal stage. Stage 
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1 was defined as the beginning of the monitoring year before spring fertilizer application on 
single treatments (systems 2, 4 and 7). Stage 2 was the period between spring fertilizer 
application and summer sidedress application on LSNT treatments (systems 1 and 3). The 
third stage was the main part of the growing season; from summer fertilization to September 
1, when crops were approximately mature. Stage 4 was designated as the end of the 
monitoring season when crop uptake was minimal. Dates for each seasonal stage of the three-
year study are shown in Table 3. Data were available through only July 7, 1995 at the time 
this paper was prepared. 
Since treatments at the site were not randomized, data were not analyzed statistically. 
Discussion was limited to treatment averages and trends. 
Results and Discussion 
The first year of the study was extremely wet and drains flowed almost continuously 
during the growing season. Precipitation in 1993 was over 1000 mm, which was 
approximately 250 mm above the site average (Table 4), Precipitation was approximately 
normal during 1994 and 1995, causing drains to flow sporadically during both monitoring 
seasons. Crops were damaged by hail in July 1995, with an unofficial damage estimate of 
30%. 
Most drains were not flowing when manure was applied in November of 1992, 1993 
and 1994. Consequently, drain flow rate did not increase after 33 to 80 m7ha of liquid swine 
manure were applied. 
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Since 1993 was an extremely wet transition year, data must be considered cautiously. 
Although treatments were chosen to minimize transition time, more than one year may be 
required to reduce effects of previous crop and tillage treatments. The 1993 com phases of 
farming systems 2 and 4 were previously continuous com. The 1993 soybean phase of system 
2 was previously moldboard plowed, while the soybean phase of system 4 was planted to 
soybean two years in a row (Table 1). 
Management Effects on Nitrate-N Concentrations in Subsurface Drainage 
Average flow-weighted nitrate-N concentrations in drain effluent were not noticeably 
different between tillage systems in 1993 (Figure 2). Previous research at the site showed 
higher concentrations under chisel and moldboard plow systems compared to no-till and ridge 
till systems (Kanwar et al., 1993). Changing farming systems may have reduced tillage effects 
during this transition year. 
Nitrate-N concentrations decreased for all farming systems near the end of May 1993 
(Figure 2). Since concentrations decreased for all treatments, the cause was most likely 
climate, not nitrogen management. The soil was relatively dry and several drains had stopped 
flowing in mid-May. Approximately 60 mm of rain fell between May 23 and June 4, causing 
all drains to flow again. Infiltrating rain water may have bypassed much of the soil by 
preferential flow and diluted drain effluent. Consistent rains during June kept the soil moist, 
which presumably reduced preferential flow (Timlin et al., 1993). More uniform water flow 
through the soil profile possibly leached more nitrate-N causing concentrations to increase. 
During this same period, mineralization rate may have also been changing with soil moisture 
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and temperature. Soil temperature at 10 cm was almost 20°C on May 11 but decreased to 
approximately 10°C on May 20. Soil temperature remained below 20°C until June 11. 
Interestingly, the NT- and CP-Single treatments (systems 2 and 4) had lower 
concentrations than other rotation com treatments in early June 1993 (Figure 2). This 
occurred before additional nitrogen was sidedressed on LSNT treatments. The greater 
concentration decreases were likely a remnant of the previous study. The single treatments 
had been under continuous com from 1977 to 1992. The three other rotation com systems 
were planted to soybean in 1992 (Table 1). Data from Weed and Kanwar (in press) showed 
higher soil nitrate-N levels occurred under rotation soybean than continuous com in October 
1992, likely resulting in more nitrate-N available for leaching in the spring of 1993. Nitrate-N 
concentrations from 1993 soybean rotation systems, which had been com in 1992, decreased 
similar to the CP- and NT-Single treatments under rotation com. The CP-Single treatment 
(system 4) was an exception because it had been planted to soybean in both 1992 and 1993. 
The second year of soybeans resulted in consistently higher nitrate-N concentrations than the 
other soybean systems that had been planted to corn in 1992 (Figure 2). These differences 
indicate the previous crop had a greater effect on nitrate-N concentrations in drain effluent 
than the various nitrogen management practices early in the growing season. 
Under rotation com, CP-manure and CP-LSNT had higher nitrate-N concentrations 
than other systems early in the 1993 growing season (Figure 2). These two systems were the 
only tilled rotation corn treatments that had been planted to soybean in 1992. Tilling soybean 
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residue may have increased mineralization compared to untilled soybean residue (NT-LSNT) 
or tilled corn residue (CP- and NT-Single). 
CC-Manure treatment had higher average nitrate-N concentrations than CC-Single 
during the first part of 1993, but concentrations were lower later in the year. Soil nitrate-N 
concentrations were likely higher under the manure treatment early in the year because 
manure was applied the previous fall, while the single application did not take place until May 
14. Manure was also more evenly mixed in the soil than spoke injected fertilizer, which may 
have made more nitrate-N available for leaching. Concentration decreased more under CC-
Manure later in the year probably because nitrogen fertilization rate was 40% lower than CC-
Single. The cool, wet summer may have also reduced mineralization of organic nitrogen in 
manure. 
Average nitrate-N concentrations were less dramatic during 1994, but some trends 
were observed (Figure 3). Concentrations increased for all com systems following a 91 mm 
rain on June 23. Since this occurred for both continuous and rotation corn, the increase was 
not a residual effect from soybeans. Apparently, more nitrate-N was available for leaching at 
this time under fertilized corn treatments compared to soybean treatments. 
The LSNT treatments had slightly lower concentrations than other rotation corn 
systems later in the 1994 monitoring season (Figure 3). Nitrate-N concentrations from CC-
Manure were much higher than other treatments, presumably because the manure application 
rate was 280 kg N/ha. Although 240 kg N/ha were applied to CP-Manure, nitrate-N 
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concentrations were not as high as CC-Manure. This demonstrates a possible benefit of 
rotating crops. 
Manure treatments had higher nitrate-N concentrations than other continuous and 
rotation com treatments again in 1995 (Figure 4). Concentrations from CC-Manure were 
more than double the concentrations from CC-Single. Similarly, concentrations from CP-
Manure were 10 to 50% higher than other rotation com treatments. The effect of high manure 
application rates in November 1993 continued under rotation soybean in 1995. CP-Manure 
under rotation soybean had 30 to 50% higher nitrate-N concentrations than other rotation 
soybean systems in 1995. 
Nitrate-N concentrations did not increase after single or sidedress fertilizer application 
during any year. This is particularly interesting because 110 and 120 mm of rain fell during the 
week following sidedress fertilizer application in 1993 and 1994, respectively. This shows that 
the spoke injected UAN was stabilized in the soil and not readily leached. 
Seasonal EfTects of Nitrogen Management on Subsurface Drainage 
Average drain flow for the first three stages of 1993 varied from 50 to 200 mm as 
rainfall was above normal over this time period (Table 5). The effects of previous crops were 
evident during stage 1. Drain flow during this stage was less than 100 mn^ for all systems that 
had been planted to soybean in 1992. Drain flow exceeded 150 mm for systems that had been 
under corn rotation or ridge till and no-till continuous com in 1992. CP-Single under soybean 
rotation had been planted to soybean in 1992, while NT- and CP-Single systems under corn 
rotation had been continuous corn before 1993 (Table 1). 
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Previous crop effects were less evident in later stages of the year except for CP-Single 
under soybean rotation and NT-Single under com rotation (Table 4). Drain flow from the CP-
Single treatment continued to be lower than other rotation soybean systems until stage 4. The 
NT-Single treatment continued to have higher drain flow than other rotation com systems in 
1993. Higher drain flow for this system resulted in an annual nitrate-N loss similar to the 
continuous com treatments. Higher nitrate-N concentrations for CP-Single resulted in similar 
losses as three other soybean rotation systems (NT-Single, CP-LSNT, CP-Manure) with 40 to 
50% less drain flow. 
The single treatments under com rotation had lower flow weighted nitrate-N 
concentrations than LSNT treatments during stage 2 of 1993. Lower concentrations from the 
single treatments may have resulted from additional preferential flow occurring as a carry-over 
effect of the continuous com systems prior to 1993. Furthermore, soil nitrate-N levels may 
have been higher under LSNT treatments as a residual effect of 1992 soybeans. Although 40 
to 120 kg N/ha were applied to LSNT treatments at the end of stage 2, flow-weighted nitrate-
N concentrations for the single treatments approximately doubled between stages 2 and 3 
compared to a 20 to 25% increase for the LSNT treatments. Again this demonstrates that 
nitrate-N lost through subsurface drains was not a direct result of fertilizer application. 
The manure treatments seemed to release nitrate-N more uniformly than the fertilizer 
treatments since nitrate-N concentrations were relatively uniform over the first three stages of 
1993 (Table 5). A large concentration decrease occurred between stages 3 and 4, while drain 
flow decreased. Concentrations often increase when drain flow decreases, but crop uptake 
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combined with extremely wet conditions during stage 3 and low application rates, likely 
removed most of the leachable nitrate-N from the soil. Although the CC-Manure system 
received only 84 kg N/ha in 1993, the annual nitrate-N loss for this system was higher than all 
other systems. 
Average drain flow was less than 1 mm for eight systems during stages 1 and 2 of 
1994, when rainfall was below normal (Table 6). Most of the annual drainage, and 
consequently nitrate-N loss, occurred during stage 3, when rainfall was above normal. Only 
NT-Single, CP-LSNT and CP-Manure treatments under rotation com and NT-Single 
treatment under rotation soybean had appreciable drain flow during stages 1, 2 or 4. Higher 
drain flow for NT-Single than other soybean rotation systems was probably a continued carry­
over effect of continuous corn. Since the NT plots were not cultivated in 1993, the soil flow 
system remained virtually unchanged compared to the CP-Single treatment, which no longer 
showed the residual effects of continuous corn. 
Nitrate-N concentrations from LSNT treatments did not increase more than the other 
treatments between stages 2 and 3 even though 120 mm of rain fell the week after 110 to 150 
kg N/ha were applied on the LSNT treatments. Spoke injected UAN was evidently used by 
the corn or stabilized as organic nitrogen soon after application since it was not more readily 
leached than nitrate-N already in the soil profile of other treatments. 
The effects of high manure application were evident in 1994 (Table 6). After drains 
started flowing in stages 3 and 4. CC-Manure had higher nitrate-N concentrations and losses 
than CC-Single. CP-Manure also had higher concentrations than other rotation corn 
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treatments during stages 3 and 4, and approximately the same annual nitrate-N loss as the NT-
Single treatment with only 75% as much annual drain flow. 
The NT-Single treatment had almost twice as much drain flow as any other rotation 
com treatment during stages 1 and 2 of 1995 (Table 7). This was probably still a carry-over 
effect of continuous com, since this system was not tilled during this study. Another trend that 
became evident in 1995 was higher drain flow for the NT-Single treatment, under soybean 
rotation in 1993 and 1995. This treatment had the highest drain flow for stages 1 and 2 of 
1993; stages 2,3 and 4 of 1994; and stages 1 and 2 of 1995. Since higher drain flow should 
not be a carry-over effect of a moldboard plow, com-soybean rotation (Table 1), site 
variability seems to be the most reasonable explanation. 
A consequence of the higher drainage volume for NT-Single was higher nitrate-N 
losses than NT-LSNT under corn rotation for each stage during this study. Drain flows and 
nitrate-N losses for CP-Single under corn rotation, conversely, were similar or lower than CP-
LSNT. 
Since drain flow, nitrate-N loss and nitrate-N concentration are related, a convenient 
way to view these data is by plotting cumulative drain flow against cumulative nitrate-N loss 
(Figures 5, 6 and 7). The slopes of the lines are analogous to flow-weighted nitrate-N 
concentrations. Higher nitrate-N concentrations for the CP-Single treatment under soybean 
rotation during 1993, for example, is illustrated by higher slope in Figure 5. Higher drain flow 
for NT- and CP-Single treatments, which were previously under continuous corn, is shown by 
data points extending farther to the right. 
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The high manure application rates on CC-Manure were evident in Figures 6 and 7 by 
the higher slopes compared to CC-Single. Figure 7 also shows that high manure application 
rate in November 1993 affected nitrate-N concentrations under soybean rotation in 1995. 
Nitrogen Management Effects on Corn Yield 
The LSNT treatments had the highest com yields in 1993 and the CC-Manure system 
had the lowest yield (Table 2). LSNT treatments had as high or higher com yields than single 
application treatments under the same tillage systems, although 30 to 70% more nitrogen was 
applied on the split application treatments. Both continuous com systems had lower yields 
than corresponding systems under com-soybean rotation for all three years, although more 
nitrogen was applied on continuous com systems. 
Conclusions 
Continuous corn systems received more nitrogen, yielded less and lost more nitrate-N 
in subsurface drainage than comparable corn-soybean rotation systems. Soybeans planted two 
years in a row resulted in higher nitrate-N concentrations in drain effluent than soybean 
rotated with com. These results emphasize the importance of rotating crops. 
Changing treatment systems between 1992 and 1993 showed the effects previous 
crops have on subsurface drainage. Treatment systems that had been soybeans in 1992 had the 
lowest drain flow during stage 1 of 1993. Conversely, systems that had been corn in 1992 had 
higher drain flow during stage 1. Previous treatments effects on nitrate-N concentrations were 
91 
more noticeable than tillage or nitrogen management effects during the first year. High drain 
flow effects that occurred after converting NT continuous com to the NT-Single treatment 
continued through 1995. 
Difficulties were encountered with manure application. Low applications rates for the 
1993 growing season, combined with cool and wet weather, resulted in lower com yields than 
single fertilizer application treatments. High application rates for 1994 and 1995 resulted in 
higher yields, but also higher nitrate-N concentrations and losses. A better manure 
management practice may be applying manure at rates that partially fulfill crop nitrogen 
requirements and then adding fertilizer, if necessary, based on a late spring soil test. 
Single and split fertilizer application treatments had similar yields and nitrate-N 
concentrations, although 30 to 70% more nitrogen was applied on the split application 
treatments. Higher nitrate-N losses were not evident during the stages following single spring 
or summer sidedress fertilizer applications. This indicates that spoke injected UAN fertilizer 
was not more readily leached than nitrate-N already in the soil profile. 
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Table 1. Current and previous farming systems. 
1993 Nitrogen Previous 1992 
Svstem Tillaee Crop Treatment' Tillage^ Crop 
1 NT soybean none NT com 
1 NT com 30 kg N/ha pp & LSNT NT soybean 
2 NT soybean none MP com 
2 NT com 110 kg N/ha pp NT cont. com 
3 CP soybean none RT com 
3 CP com 30 kg N/ha pp&LSNT MP soybean 
4 CP soybean none CP soybean 
4 CP com 110 kg N/ha pp RT cont. com 
5 CP soybean none CP com 
5 CP com 110 kg N/ha manure^ RT soybean 
6 CP cont. com 135 kg N/ha manure^ MP cont. com 
7 CP cont. com 135 kg N/ha pp CP cont. corn 
' pp = preplant, LSNT = late spring soil nitrate test. 
^ NT = no-till, MP = moldboard plow, RT = ridge till, CP = chisel plow, 
^ Target rate. 
Table 2. Applied nitrogen and corn yield by plot for 1993 through 1995. 
Applied Nitrogen (kg N/ha) Corn Yield (Mg/ha) 
Svstem 1993 1994 1995 1993 1994 1995 
NT-LSNT' 144 169 193 6.6 7.3 4.8 
NT-single 110 110 110 4.1 6.3 4.5 
cp-lsnt' 93 160 160 6.8 8.2 5.2 
CP-single 110 110 110 5.0 8.0 5.2 
CP-manure' 82 240 338 5.6 8.4 5,6 
CC-manure~ 84 280 487 2.8 7.3 4,8 
CC-single 135 135 135 4.2 5.8 4.1 
' Amount for late spring soil nitrate test includes 30 kg N/ha applied with planter. 
" Assumed all ammonia and 50% of organic nitrogen was available in the first year. 
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Table 3. Dates for seasonal stages. 
Field Ooeration 1993 1994 1995' 
began monitoring March 26 March 14 March 13 
spring fertilizer application^ May 14 April 24 May 12 
sidedress fertilizer application^ July 7 June 17 June 22 
approximate maturity Sept. 1 Sept. 2 -
ended monitoring Dec. 1 Dec. 8 -
' Data were available through July 7 at publication time. 
^ Farming systems 2, 4 and 7. 
^ Farming systems 1 and 3. 
Table 4. Actual and normal rainfall by seasonal stage. 
Rainfall, mm 
1993 1994 1995^ 
Staae Actual Normal Actual Normal Actual Normal 
1 195 138 43 96 124 158 
2 220 199 132 184 89 152 
3 442 181 350 262 - -
4 145 208 144 212 - -
total' 1002 726 670 754 
' Total for monitoring season, not entire year. 
" Data were available through July 7 at publication time. 
Table 5. Drain flows (nun), nitrate-N losses (kg/ha) and nitrate-N concentrations (mg/L) by seasonal stage for 1993. 
NT-LSNT NT-Single CP-LSNT CP-Single CP-Manure 
Staue 1 Corn Bean Corn Bean Corn Bean Corn Bean Corn Bean CC Manure CC-Sinule 
Flow 83.8 183.0 195.8 228.7 93.0 186.5 155.9 99.8 78.4 183,6 135.7 137.8 
Loss 8.0 11.2 16.0 17.4 12.4 12.5 12.3 12.0 9.2 12,7 18,9 14.4 
Cone. 9.5 6.1 8.2 7.6 11.9 6.8 7.8 12.1 11.2 7.0 14.0 11.0 
Staue 2 
Flow 53.6 60.0 99.4 116.6 53.6 89.6 52,1 58.5 51.2 75.9 76,3 79.4 
Loss 4.4 2.1 6.3 5.2 6.1 4.0 3.3 6.1 7.2 3,9 9.2 7.5 
Cone. 8.0 3.4 6.3 4,4 9.8 4.8 6.2 10.6 14.1 4,8 12,0 9.5 
Staue 3 
Flow 120.4 146.7 175.0 184.8 105.1 180.3 140.9 120.4 121.4 195.0 165,4 162.6 
Loss 12.4 9.7 21.5 12.0 13.4 11.7 17.0 13.8 18.1 14,9 19,3 23.5 
Cone. 10.2 6.6 12.2 6.5 11.9 6.6 11.9 11.6 14,0 7,4 11,7 14.8 
Statje 4 
Flow 7.3 1.3 22.3 42.5 6.5 44.8 3.3 3.8 10.6 33.1 12.1 12.2 
Loss 0.5 0.0 2.0 2.5 0.5 2.2 0.3 0.4 0,7 L9 0,8 1.3 
Cone. 6.8 3.2 8.4 5.9 5.0 4.8 8.7 8.2 4,4 3.9 6,2 9.9 
Annual 
Flow 265.0 391.0 492.5 572.6 258.2 501.2 352.2 282.5 261.6 487.5 389.5 392.0 
Loss 25.3 23.0 45.7 37.1 32.4 30,4 32.8 32.3 35,3 33.4 48,3 46.7 
Cone. 9.4 5.9 9.3 6.5 11.4 6.3 9.3 11.5 12,8 6.7 12.4 12.2 
Table 6. Drain flows (mm), nitrate-N losses (kg/ha) and nitrate-N concentrations (mg/L) by seasonal stage for 1994. 
NT-LSNT NT-Single CP-LSNT CP-Single CP-Manure 
Staue 1 Corn Bean Corn Bean Corn Bean Corn Bean Corn Bean CC Manure CC-Single 
Flow 0.0 0.8 2.8 3,3 3,6 0.0 0.0 0.0 2.3 0,1 0.0 0.0 
Loss 0.0 0.1 0.2 0.3 0.2 0.0 0.0 0.0 0.1 0.0 0.0 0.0 
Cone. 0.8 4.2 4.4 7.9 4,1 0.4 0.5 1.3 4.2 0.9 0.8 2.1 
Staue 2 
Flow 0.0 0.7 17.0 5.6 11.9 0.9 0.1 0.0 11.0 0.1 0.4 0.0 
Loss 0.0 0.1 1.1 0.3 0,6 0.0 0.0 0.0 0.4 0.0 0.0 0.0 
Cone. 0,0 2.6 6.4 5.3 5,3 2.7 1.0 0.0 3.0 0.0 2.9 3.7 
Staee 3 
Flow 60.5 58.8 102,0 90.3 74,0 64.1 28.3 56.0 79.1 63.8 49.3 61.9 
Loss 5.1 2.6 8.3 4.5 5.7 4.6 2.6 3.4 8.9 4.5 8.4 6.9 
Cone. 8.2 4.4 8.3 4.8 8.8 6.6 9.2 6.1 11.8 7.3 16.5 11.2 
Staue 4 
Flow 1.9 I.O 43.1 10.3 33,8 2.9 0.7 0.0 30.4 0.4 7.5 9.1 
Loss 0.1 0.0 2.1 0.3 1.3 0.2 0.1 0.0 1.6 0.0 1.6 0.9 
Cone. 2.0 4.3 4.6 2.1 5.6 5.6 7.7 3.8 7.7 1.5 19.5 9.8 
Annual 
Flow 62,4 61.3 164.8 109.4 123.3 67.9 29.1 56.1 122.8 64.4 57.2 71.1 
Loss 5.2 2.8 11.7 5.3 7.7 4.8 2.7 3.4 11.1 4.5 10.1 7.8 
Cone. 8,0 4.4 7.2 4,6 8.3 6.5 9.2 6.1 10.4 7.3 16.6 11.0 
Table 7. Drain flows (mm), nitrate-N losses (kg/ha) and nitrate-N concentrations (mg/L) by seasonal stage for 1995. 
NT-LSNT NT-Single CP-LSNT CP-Single CP-Manure 
Staue 1 Corn Bean Corn Bean Corn Bean Corn Bean Corn Bean CC Manure CC-Singl 
Flow 30.1 25.8 69.2 88.8 36.4 67.1 26.7 30.4 29,8 86.1 40.5 34,0 
Loss 3.3 2.6 7.9 10.0 5.5 7,0 4.2 3.8 5,3 14.7 11.4 4,3 
Cone. 11.1 10.2 11.4 11.3 15.2 10.4 15.9 12.4 17,8 17.0 28.1 12.5 
Stage 2 
Flow 46.6 36.7 104.9 135.9 49.9 101,0 31.4 40.0 39.8 123.6 57.2 44,7 
Loss 4.9 3.6 11.6 14.3 7.2 9,9 4.9 4.6 6,8 20.5 16.1 5,3 
Cone. 10.5 9.9 11.1 10.5 14.4 9,8 15.5 11.5 17.1 16.6 28.2 11,9 
Stage 3' 
Flow 36.9 59.4 67.0 76.1 24.8 49.1 30.4 42.7 24.1 83.9 47.8 54,2 
Loss 4.3 4.5 9.6 5.8 3,5 4.4 4.7 4.4 4.9 12.9 16,6 7,1 
Cone. 11.7 7.6 14.4 7.7 14.1 8.9 15.5 10.3 20.2 15.4 34,8 13.2 
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Figure 4. Average flow weighted nitrate-N concentrations for 1995. 
104 
>• .+•*• 
,.Z Continuous Corn 
Rotation Soybean 
Rotation Corn 
100 200 300 400 500 600 
Average Cumulative Drainage (mm) 
• NT-LSNT 
o CP-Manure 
NT-Single a CP-LSNT a CP-Single 
CC-Manure + CC-Single 




























1 — ' 1 — -i 
0 30 60 90 120 150 180 
Average Cumulative Drainage (mm) 
• NT-LSNT • NT-Single a CP-LSNT • CP-Single 
o CP-Manure • CC-Manure + CC-Single I 




























50 100 150 
Average Cumulative Drainage (mm) 
200 
• NT-LSNT • NT-Single A CP-LSNT A CP-Single 
CP-Manure • CC-Manure + CC-Singie 
Figure 7. Cumulative nitrate-N loss vs. cumulative drain flow for 1995. 
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CONCLUSIONS AND RECOMMENDATIONS 
Information collected with the data logger system showed that subsurface drain flow 
rates often increased more than 10-fold within 30 minutes. These sudden flow rate increases 
V 
were attributed to preferential flow. Subsurface drainage event parameters (response time, 
time-to-peaic drainage rate, drainage volume and peak drainage rate) were highly variable and 
inconsistent trends occurred between drainage events and years. Preferential flow, estimated 
by hydrograph separation, was usually less than 10% of total drainage volume for a drainage 
event. Overall average preferential flow was greater for no-till plots than chisel plow plots. 
Faster time-to-peak, higher peak flow rate and greater drainage volume indicated higher 
percent preferential flow for a drainage event. 
Crops from the previous year seemed to influence nitrate-N concentrations in drain 
effluent in the spring. Concentrations decreased between stages 1 and 2 of 1992 for 
continuous corn and soybean following corn, but not for com following soybean. In late May 
1993, concentrations decreased more from continuous corn and soybean following corn 
compared to com following soybean. Less preferential flow and more mineralization for corn 
following soybean may have caused these differences 
Nitrate-N in drain effluent was not a direct result of applied nitrogen. Nitrate-N 
concentrations did not increase after nitrogen fertilizer applications. Even more than 100 mm 
of rain during the week following sidedress application did increase concentrations in drain 
effluent. Furthermore, between 30 and 60% of the annual nitrate-N loss occurred in the spring 
before fertilizer application. 
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A large percentage of annual drain flow (50 to 85%) and annual nitrate-N loss in 
subsurface drainage (45 to 85%) occurred when crops were not actively growing. Controlled 
drainage may be useful in reducing these early and late season losses by reducing drain flow. 
Losses may also be reduced by planting cover crops to use mineralized nitrogen in the fall and 
spring. 
Tillage regularly influenced nitrate-N concentrations from 1990 to 1992. Nitrate-N 
concentration changes between stages could be explained by changes in drain flow, but 
concentration differences between tillage systems seem to have been caused by greater bypass 
flow, denitrification and immobilization for no-till and ridge till systems compared to 
moldboard and chisel plow systems. Fertilizer application techniques should be developed to 
exploit bypass flow as a method for reducing nitrate-N leaching. 
Differences between tillage systems did not change between seasonal stages as soils 
were tilled. No-till systems usually had higher drain flow and lower nitrate-N concentrations 
while moldboard plow systems had higher concentrations and lower drain flow. Tillage only 
significantly affected drain flow volume under continuous corn, where drain flow was greater 
from no-till than moldboard plow. High drain flow was observed for three years after the no-
till continuous com treatment was converted to no-till corn-soybean rotation in 1993. 
Continuous corn systems had higher nitrogen fertilization rates, lower yields and 
higher nitrate-N losses and concentrations than corn rotated with soybean. This illustrates the 
need to rotate crops. Com yields from split application treatments were as high or higher than 
single applications, within a tillage system. Nitrate-N concentrations were similar between 
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single and split treatments, even though split treatments received 30 to 70% more nitrogen 
fertilizer. 
Difficulties applying desired nitrogen rates with manure affected com yield and nitrate-
N loss in subsurface drainage. Low application rates resulted in low com yields during the 
cool, wet 1993 season. High application rates the next two years increased yields along with 
nitrate-N losses and concentrations in subsurface drainage. A better manure management 
practice may be to apply manure nitrogen at rates below crop nitrogen needs and then add 
fertilizer, as necessary, according to a late spring soil nitrate test. 
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APPENDIX: DRAINAGE PARAMETER AND 
PREFERENTIAL FLOW DATA 
Table A-1. Response Time (min) for 1993 Drainage Events. 
Drainage Event Numbers 
Tillaee Crop 
C.C. 
Plot 1 2a 2b 3a 3b 4a 4b 5a 5b 5c 
CP 13 130 - 154 21 137 69 19 17 22 18 
CP c.c. 21 137 38 184 - 109 - 14 0 34 -
CP C.C. 22 139 56 178 - - - 16 31 19 -
CP bean 4 - - - 44 20 84 24 34 26 15 
CP bean 8 130 33 141 13 98 67 13 21 18 4 
CP bean 30 135 38 - 25 191 - - 30 - -
CP com 6 140 22 177 45 86 61 21 38 43 24 
CP com 11 109 - 162 25 - 75 16 15 17 8 
CP com 12 142 - 128 - 122 72 16 33 42 10 
CP corn 32 146 62 - - - - 17 27 - -
CP com 34 155 - - 38 122 - - - - -
NT bean 10 138 - - - 143 80 15 31 21 16 
NT bean 15 0 51 131 - 81 18 40 19 5 
NT bean 16 134 12 150 28 116 68 18 34 25 14 
NT com 3 137 - - - 61 69 17 30 39 13 
NT corn 14 132 34 171 24 42 69 17 37 37 17 
NT com 31 137 47 - 0 121 - - 36 - -
I l l  
Table A-2. Time-to-Peak (min) for 1993 Drainage Events. 
Drainage Event Numbers 
Tillaae Croo Plot 1 2a 2b 3a 3b 4a 4b 5a 5b 5c 
CP C.C. 13 15 181 16 257 42 80 44 34 22 
CP C.C. 21 15 51 154 107 91 84 
CP C.C. 22 22 44 177 87 34 
CP bean 4 17 221 24 80 32 52 42 
CP bean 8 28 63 199 19 107 49 21 47 88 
CP bean 30 60 14 34 
CP com 6 19 76 190 13 148 67 65 43 134 
CP com 11 44 251 11 25 199 44 32 29 
CP com 12 24 306 521 28 149 28 8 39 
CP com 32 74 232 36 
CP com 34 47 23 103 
NT bean 10 22 678 19 18 27 27 73 
NT bean 15 154 28 208 19 23 24 40 92 
NT bean 16 23 25 67 24 219 47 128 42 60 44 
NT com 3 8 87 30 10 33 14 39 
NT com 14 25 72 178 22 161 61 167 56 50 63 
NT com 31 27 52 84 26 
Table A-3. Drainage Volume (mm) for 1993 Drainage Events. 
Drainage Event Numbers 
Tillage Croo Plot 1 2a 2b 3a 3b 4a 4b 5a 5b 5c 
CP C.C. 13 13.5 - 13.4 3.2 6.8 3.3 19.5 0.8 2.3 20.5 
CP C.C. 21 10.9 2.7 14.6 - 4.5 - 17.8 1.1 2.9 27.3 
CP C.C. 22 11.6 1.8 14.4 - - - 18.1 0.7 - -
CP bean 4 - - - 0.5 1.9 1.2 9.4 0.4 0.9 16.6 
CP bean 8 15.4 3.4 18.4 3.6 7.4 4.8 19.4 1.3 3.6 23.3 
CP bean 30 19.9 - - 3.7 7.5 - - - - -
CP com 6 11.6 2.0 12.4 1.9 3.9 2.4 14.5 0.8 1.8 24.6 
CP corn 11 7.0 - 4.6 1.4 - 1.8 5.0 0.5 1.4 21,7 
CP corn 12 8.1 - - - - 2.4 17.3 0.6 2.1 18.5 
CP corn 32 6.4 - - - - - - - - -
CP com 34 7.3 - - 1.5 3.6 - - - - -
NT bean 10 8.1 - - - - 1.3 10.2 0.4 1.3 19.8 
NT bean 15 7.3 1.8 15.2 - - 1.9 12.0 0.9 2.3 23.7 
NT bean 16 13.1 1.8 14.9 1.8 4.4 3.0 18.0 0.8 1.9 21.3 
NT com 3 1.5 - - - - 1.3 11.0 0.6 0.9 16.6 
NT com 14 12.6 1.5 13.5 1.8 4.9 2.1 16.0 0.5 1.4 23.6 
NT corn 31 15.4 - - 3.6 8.1 - . _ _ 
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Table A-4. Peak Drainage Rate («/s) for 1993 Drainage Events. 
Drainage Event Numbers 
Tillage Croo Plot 1 2a 2b 3a 3b 4a 4b 5a 5b 5c 
CP C.C. 13 0.32 - 0.50 0.14 0.09 0.39 0.35 0.50 0.71 0.92 
CP c.c. 21 0.16 0.74 0.47 0.05 0.06 0.25 0.27 0.54 0.67 1.01 
CP C.C. 22 0.15 0.47 0.48 - 0.08 0.25 0.30 0.40 0.64 -
CP bean 4 - - - 0.04 0.02 0.18 0.11 0.25 0.28 0.47 
CP bean 8 0.35 0.89 0.91 0.26 0.12 0.69 0.49 0.80 1.03 1.14 
CP bean 30 0.31 0.56 - 0.16 0.11 - - 0.47 - -
CP com 6 0.32 0.52 0.36 0.11 0.05 0.31 0.21 0.38 0.66 0.88 
CP com 11 0.09 - 0.21 0.06 - 0.20 0.18 0.32 0.51 0.91 
CP com 12 0.09 - 0.19 - 0.06 0.26 0.25 0.33 0.53 0.84 
CP com 32 0.09 0.56 - - - 0.42 0.50 0.33 0.55 -
CP com 34 0.06 - 0.11 0.06 0.04 0.37 0.44 - - -
NT bean 10 0.06 - - - 0.02 0.14 0.12 0.31 0.50 1.00 
NT bean 15 0.27 0.78 0.54 - - 0.42 0.24 0.65 0.88 1.11 
NT bean 16 0.15 0.48 0.40 0.06 0.06 0.38 0.30 0.45 0.54 0.66 
NT com -* J 0.09 - 0.24 - 0.04 0.23 0.15 0.38 0.38 0.66 
NT com 14 0.17 0.34 0.38 0.10 0.06 0.23 0.20 0.24 0.40 0.71 
NT com 31 0.18 0.59 - 0.10 0.11 - - 0.56 - -
Table A-5. Percent Preferential Flow for 1993 Drainage Events. 
Drainage Event Numbers 
Tillage Crop Plot 1 2 3 4 5 
CP C.C. 13 0.8 - 1.7 1.6 0.3 
CP C.C. 21 1.9 8.6 - - 0.0 
CP C.C. 22 2.0 3.4 - - -
CP bean 4 - - 5.6 3.0 2.8 
CP bean 8 2.1 9.2 1.6 5.2 2.1 
CP bean 30 3.4 - 1.8 - -
CP com 6 0.8 0.9 4.4 0.8 1.4 
CP com 11 2.4 - - 1.7 2.8 
CP corn 12 0.4 - - 0.8 4.1 
CP com 34 2.1 - 2.1 - -
NT bean 10 1.1 - - 0.5 -
NT bean 15 3.0 6.9 - 3.2 3.6 
NT bean 16 1.2 5.1 1.3 2.5 2.2 
NT com j 6.0 - - - 5.3 
NT corn 14 1.7 1.8 j . j  1.9 0.4 
NT corn 31 0.4 - 0.3 - -
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Table A-6. Response Time (min) for 1994 Drainage Events. 
Drainage Event Numbers 
Tillaee Crop Plot 1 2' -t 1 J 4' 5 6 
CP C.C. 5 - 157 123 
CP c.c. 13 24 194 94 
CP C.C. 21 - 121 76 
CP bean 6 66 - -
CP bean 11 38 - -
CP bean 12 34 - 37 
CP bean 34 77 - -
CP com 1 - 35 -
CP com 4 - - 117 
CP com 7 - - -
CP com 8 22 29 79 
CP com 19 25 - 89 
CP com 30 33 35 68 
NT bean 14 43 - -
NT bean 31 47 48 76 
NT com 2 19 30 68 
NT com 15 - 50 -
NT com 16 52 30 85 
' Unreliable information from data logger recording rainfall so response time 
could not be determined. 
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Table A-7. Time-to-Peak (min) for 1994 Drainage Events. 
Drainage Event Numbers 
Tillage Crop 
C.C. 
Plot 1 2 3 4 5 6 
CP 5 - - - - 97 35 
CP c.c. 13 10 17 18 32 71 24 
CP C.C. 21 - 39 96 23 96 8 
CP bean 6 22 - - - - -
CP bean 11 40 8 29 26 - -
CP bean 12 20 10 95 25 - 27 
CP bean 34 55 19 64 22 - -
CP com 1 80 48 - 37 303 -
CP corn 4 - - 74 14 - 28 
CP corn 7 - - - - - -
CP com 8 10 - - - 17 21 
CP com 19 36 18 13 18 - 11 
CP com 30 20 24 95 47 181 72 
CP com 33 - - 115 49 - -
NT bean 3 - - - - - -
NT bean 14 35 - - - - -
NT bean 31 - 12 31 24 210 10 
NT com 2 12 12 48 14 22 27 
NT com 15 - - - - 17 -
NT corn 16 44 - - - 18 16 
NT com 29 - 7 29 24 - -
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Table A-8. Drainage Volume (mm) for 1994 Drainage Events. 
Drainage Event Numbers 
Tillage Crop Plot 1 2 3 4 5 6 
CP C.C. 5 0.0 - - - 1.5 2.3 
CP c.c. 13 0.8 2.5 3.4 3.0 1.9 5.2 
CP C.C. 21 0.0 1.8 4.8 5.0 0.6 5.6 
CP bean 6 0.3 - - - 0.0 0.0 
CP bean 11 0.8 3.7 3.7 2.9 0.0 0.0 
CP bean 12 1.9 4.3 5.4 4.2 0.0 3.3 
CP bean 34 1.1 3.4 4.6 4.1 0.0 0.0 
CP com 1 0.6 2.0 - 2.2 3.0 -
CP com 4 0.0 0.0 1.4 1.4 0.0 1.8 
CP com 7 0.0 - - - 0.0 0.0 
CP com 8 4.7 - - - 7.8 11.9 
CP com 19 0.2 2.6 4.1 - 0.0 3.0 
CP com 30 3.2 5.7 9.7 7.8 8.2 21.0 
CP com 33 - 0.0 0.6 1.1 - -
NT bean 3 - 0.0 0.0 0.0 - -
NT bean 14 1.4 - - - 0.0 0.0 
NT bean 31 2.3 3.6 7.7 8.0 1.3 5.2 
NT com 2 1.9 3.6 5.2 3.5 3.8 6.3 
NT com 15 0.0 - - - 0.1 0.0 
NT corn 16 1.2 - - - 1.7 5.2 
NT com 29 - 3.4 4.4 4.8 - -
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Table A-9. Peak Drainage Rate (i/s) for 1994 Drainage Events. 
Drainage Event Numbers 
Tillage Crop 
C.C. 
Plot 1 2 3 4 5 6 
CP 5 0.00 - - - 0.01 0.02 
CP c.c. 13 0.01 0.10 0.08 0.27 0.02 0.06 
CP C.C. 21 0.00 0.03 0.06 0.24 0.01 0.09 
CP bean 6 0.03 - - - 0.00 0.00 
CP bean 11 0.02 0.22 0.07 0.22 0.00 0.00 
CP bean 12 0.03 0.16 0.06 0.29 0.00 0.04 
CP bean 34 0.01 0.07 0.07 0.20 0.00 0.00 
CP com 1 0.01 0.03 - 0.16 0.05 -
CP com 4 0.00 0.00 0.03 0.12 0.00 0.02 
CP com 7 0.00 - - - 0.00 0.00 
CP com 8 0.07 - - - 0.15 0.30 
CP corn 19 0.02 0.11 0.11 0.20 0.00 0.06 
CP com 30 0.03 0.09 0.15 0.41 0.12 0.31 
CP com 33 - 0.00 0.02 0.04 - -
NT bean 14 0.02 - - 0.00 0.00 0.00 
NT bean 3 - 0.00 0.00 0.54 - -
NT bean 31 0.02 0.05 0.08 0.44 0.03 0.07 
NT com 2 0.05 0.24 0.16 0.57 0.07 0.13 
NT com 15 0.00 - - - 0.04 0.00 
NT com 16 0.01 - - - 0.04 0.18 
NT com 29 - 0.25 0.11 - - -
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Table A-10. Percent Preferential Flow for 1994 Drainage Events. 
Tillage Crop Plot 1 
Drainage Event Numbers 
2 3 4 5 6 
CP C.C 5 0.0 - - - 4.5 0.5 
CP c.c. 13 - 2.0 2.2 2.5 6.3 3.6 
CP C.C. 21 0.0 2.4 1.3 1.1 0.0 2.3 
CP bean 6 - - - - 0.0 0.0 
CP bean 11 - 5.3 2.0 3.5 0.0 0.0 
CP bean 12 7.3 1.8 0.5 1.6 0.0 0.0 
CP bean 34 6.7 2.0 0.3 2.0 0.0 0.0 
CP com 1 0.0 0.9 - 0.6 0.0 -
CP com 4 0.0 0.0 2.5 8.3 0.0 6.4 
CP com 8 2.1 - - - 6.0 2.9 
CP com 19 - 4.4 1.5 0.5 0.0 3.8 
CP com 30 1.4 0,4 0.6 0.0 2.3 0.4 
CP com 33 - 0.0 6.9 1.7 - -
NT bean J - 0.0 0.0 0.0 - -
NT bean 14 15.2 - - - 0.0 0.0 
NT bean 31 2.0 1.6 0.9 1.0 18.3 4.5 
NT com 2 4.2 6.0 0.4 0.9 9.0 2.7 
NT corn 15 0.0 - - - - 0.0 
NT com 16 1.8 - - - 9.1 3.7 
NT com 29 - 2.9 2.8 0.0 - -
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Table A-11. Response Time (min) for 1995 Drainage Events. 
Drainage Event Numbers 
Tillage Crop Plot 1 2 3 4 5 6 7 
CP C.C. 5 391 - - 150 40 - -
CP C.C. 13 96 494 19 131 14 Ill 30 
CP C.C. 21 90 382 16 135 17 115 32 
CP C.C. 22 - 507 32 - - - -
CP C.C. 26 - 421 9 130 13 114 34 
CP C.C. 35 - 411 37 137 19 113 34 
CP bean 1 116 460 23 - - - -
CP bean 4 138 388 19 - 13 116 29 
CP bean 7 397 - 638 127 13 117 -
CP bean 8 61 183 10 116 14 92 29 
CP bean 19 68 378 21 129 17 109 28 
CP bean 30 75 264 9 116 13 - -
CP bean 33 33 1206 37 - 17 110 35 
CP com 11 128 466 - 130 23 57 24 
CP com 12 75 357 31 142 28 55 34 
CP com 23 96 445 - 142 20 53 20 
CP com 32 161 2189 54 158 36 129 42 
CP com 34 80 517 26 153 30 69 38 
CP corn 36 - 1465 32 165 34 80 41 
NT bean 2 53 315 11 123 - 84 31 
NT bean 10 - 429 -9 133 19 106 32 
NT bean 15 104 2014 22 127 14 99 27 
NT bean 16 32 207 1 119 11 92 27 
NT bean 20 57 203 11 121 12 103 28 
NT bean 29 -J 1524 24 - - - -
NT corn 14 113 352 7 110 14 113 31 
NT corn 24 - 368 J 127 11 99 22 
NT corn 25 90 186 -2 128 15 101 31 
NT com 31 31 168 3 113 14 71 27 
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Table A-12. Time-to-Peak (min) for 1995 Drainage Events. 
Drainage Event Numbers 
Tillage Crop Plot 1 2 3 4 5 6 7 
CP C.C. 5 218 - - 16 126 - -
CP C.C. 13 562 701 17 24 99 21 17 
CP C.C. 21 652 414 21 21 99 34 24 
CP C.C. 22 - 1367 20 - - - -
CP C.C. 26 - 133 1056 21 40 24 20 
CP C.C. 35 - 1101 20 19 98 28 25 
CP bean 1 534 615 24 - - - -
CP bean 4 431 305 24 - 46 22 32 
CP bean 7 416 - 28 67 139 20 -
CP bean 8 507 197 15 - - 41 50 
CP bean 19 746 426 13 - 92 24 25 
CP bean 30 579 1285 40 - - - -
CP bean 33 950 2614 1252 - 255 27 18 
CP com 11 596 1072 101 30 714 783 18 
CP com 12 628 1200 42 32 144 165 145 
CP com 23 785 420 - 34 580 87 33 
CP com 32 1011 2098 63 19 813 124 95 
CP com 34 646 277 426 18 531 602 24 
CP com 36 - 2883 66 15 604 647 660 
NT bean 2 493 79 9 12 - 40 14 
NT bean 10 - 755 41 23 120 7 7 
NT bean 15 451 2933 7 - 28 32 -
NT bean 16 533 440 25 - 43 50 37 
NT bean 20 527 663 16 - - - -
NT bean 29 1078 637 856 - - - -
NT corn 14 602 768 17 54 166 30 34 
NT corn 24 - 775 25 7 151 27 17 
NT com 25 474 804 41 28 36 40 28 
NT corn 31 569 1217 16 43 102 59 17 
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Table A-13. Drainage Volume (mm) for 1995 Drainage Events. 
Drainage Event Numbers 
Tillage Crop Plot 1 n 3 4 5 6 7 
CP C.C. 5 0.8 0.3 0.2 4.3 1.7 - -
CP C.C. 13 5.1 3.7 3.5 6.1 3.5 3.9 14.7 
CP C.C. 21 6.1 3.8 4.1 7.6 3.8 3.5 15.0 
CP C.C. 22 - 2.2 2.4 - - - -
CP C.C. 26 - 3.7 3.7 9.0 5.1 5.1 19.9 
CP C.C. 35 - 2.5 2.4 5.8 3.4 3.4 14.1 
CP bean 1 1.5 0.8 4.5 - - - -
CP bean 4 3.5 1.8 2.0 - 1.8 2.7 13.1 
CP bean 7 5.2 - 1.4 14.6 8.9 31.1 -
CP bean 8 9.0 8.3 6.1 12.2 7.7 7.2 19.0 
CP bean 19 3.3 3.1 4.1 - 3.5 5.3 20.9 
CP bean 30 12.9 11.0 11.4 20.2 8.4 - -
CP bean 4.4 1.9 2.5 - 2.2 2.8 14.9 
CP corn 11 3.4 2.8 1.9 1.7 1.0 1.5 8.1 
CP com 12 6.3 4.6 3.2 3.1 1.8 2.3 11.1 
CP corn 23 4.2 0.2 - 2.5 1.5 2.4 10.7 
CP corn 32 2.3 0.6 0.5 0.9 1.0 0.8 5.8 
CP com 34 4.1 2.8 2.1 2.0 1.1 1.8 8.9 
CP com 36 - 0.8 0.8 1.1 1.1 1.1 6.5 
NT bean 2 1.2 4.8 5.0 16.9 - 5.3 13.4 
NT bean 10 - 2.6 3.1 5.5 2.7 3.9 14.9 
NT bean 15 3.6 0.2 2.3 7.1 5.1 6.6 19.9 
NT bean 16 7.1 5.5 5.5 - 5.2 7.4 19.0 
NT bean 20 14.8 13.4 14.8 - 8.5 12.8 28.6 
NT bean 29 3.2 1.3 3.2 - - - -
NT com 14 5.0 4.3 4,0 5.9 3.2 3.8 16.7 
NT corn 24 - 4.2 3.8 5.4 3.1 3.9 15.2 
NT com 25 6.3 4.3 4.2 8.1 4.8 5.5 17.7 
NT com 31 11.0 8.8 7.8 12.6 5.9 6.1 21.4 
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Table A-14. Peak Drainage Rate (l/s) for 1995 Drainage Events. 
Drainage Event Numbers 
Tillage Crop Plot 1 2 3 4 5 6 7 
CP C.C. 5 0.02 0.00 0.00 0.25 0.16 - -
CP c.c. 13 0.11 0.03 0.09 0.60 0.36 0.27 0.43 
CP C.C. 21 0.13 0.03 0.07 0.51 0.37 0.14 0.29 
CP c.c. 22 - 0,02 0.03 - - - -
CP c.c. 26 - 0.03 0.05 0.75 0.50 0.30 0.57 
CP c.c. 35 - 0.02 0.03 0.54 0.36 0.23 0.40 
CP bean 1 0.15 0.06 0.06 - - - -
CP bean 4 0.07 0.02 0.03 - 0.17 0.18 0.27 
CP bean n 0.13 - 0.03 1.00 1.08 0.81 -
CP bean 8 0.23 0.08 0.16 - - 0.81 1.15 
CP bean 19 0.09 0.02 0.19 - 0.32 0.46 0.83 
CP bean 30 0.29 0.09 0.42 - - - -
CP bean jj 0.09 0.02 0.03 0.33 0.19 0.14 0.26 
CP corn 11 0.07 0.02 0.02 0.05 0.11 0.05 0.10 
CP com 12 0.13 0.04 0.05 0.13 0.16 0.08 0.12 
CP corn 23 0.09 0.02 - 0.12 0.15 0.13 0.16 
CP com 32 0.08 0.01 0.01 0.03 0.15 0.03 0.06 
CP com 34 0.09 0.02 0.02 0.08 0.12 0.06 0.10 
CP com 36 - 0.01 0.01 0.05 0.12 0.04 0.06 
NT bean 2 0.16 0.05 0.19 1.03 - 0.52 0.57 
NT bean 10 - 0.02 0.05 0.42 0.25 0.23 0.44 
NT bean 15 0.09 0.00 0.23 - 0.66 0.83 -
NT bean 16 0.17 0.05 0.12 - 0.67 0.55 0,65 
NT bean 20 0.34 0.13 0,91 - - - -
NT bean 29 0.06 0.01 0.04 - - - -
NT corn 14 0.10 0.04 0,09 0.42 0.29 0.17 0.31 
NT corn 24 - 0.04 0.07 0.94 0.28 0.17 0.36 
NT corn 25 0.20 0.04 0.11 0.97 0.61 0.48 0.60 
NT corn 31 0.26 0.08 0.19 0.90 0.61 0.33 0.80 
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Table A-15. Percent Preferential Flow for 1995 Drainage Events. 
Drainage Event Numbers 
Tillage Crop 
C.C. 
Plot 1 2 J 4 5 6 7 
CP 5 0.0 0.0 0.0 1.5 0.0 - -
CP C.C. 13 0.0 0.0 2.1 - 0.0 0.9 0,2 
CP C.C. 21 0.0 0.0 0.6 0.0 0.0 1.5 0.2 
CP C.C. 22 - 0.0 0.5 - - - -
CP C.C. 26 - 0.0 0.0 0.0 0.1 1.8 0.5 
CP C.C. 35 - 0.0 0.0 3.2 0.0 1.4 0.4 
CP bean 1 0.0 0.0 0.0 - - - -
CP bean 4 0.0 0.0 2.7 - 0.7 1.4 0.4 
CP bean 7 0.0 - 0.0 - - - -
CP bean 8 0.0 0.0 1.7 - - 1.7 -
CP bean 19 0.0 0.0 2.7 - 0.0 6.5 0.4 
CP bean 30 0.0 0.0 0.1 - - - -
CP bean 33 0.0 0.0 0.0 - 0.0 4.0 0.2 
CP com 11 0.0 0.0 0.0 2.6 0.0 1.0 0.5 
CP com 12 0.0 0.0 0.0 2.5 0.0 0.0 0.0 
CP com 23 0.0 0.0 - 1.1 0.0 0.0 0.4 
CP corn 32 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
CP com 34 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
CP com 36 - 0.0 0.0 0.0 0.0 0.0 0.0 
NT bean 2 0.0 1.4 3.0 - - 7.7 0.5 
NT bean 10 - 0.0 1.8 2.8 0.2 3.1 1.0 
NT bean 15 0.4 0.0 3.7 - 0.0 13.3 -
NT bean 16 0.0 0.0 0.0 - 0.2 0.8 0.5 
NT bean 20 0.0 0.0 3.4 - - 11.1 -
NT bean 29 0.0 0.0 0.0 - - - -
NT com 14 0 0.0 2.2 0.0 0.0 0.0 0.0 
NT com 24 - 0.0 3.3 0.9 0.2 3.0 0.2 
NT corn 25 0 0.0 3.0 0.0 0.0 1.9 0.4 
NT com 31 0 0.0 1.2 0.4 0.0 0.0 0.6 
